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INTRODUCTION

The objective of the MIT Sea Grant Program and the Massachusetts
Science and Technology Foundation in convening the First International
Conference on Chitin/Chitosan was to bri ng together those experts and
researchers from around the world who are working to expand the uses
of this exciting, abundant, renewable natural resource. By providing
a forum, we hoped to encourage the business and scientific communities
to share insights and experiences, to stimulate new ideas, and to
identify research that would advance the application of chitin and
chitosan in pharmaceuticals, food processing, papermaking, agriculture,
adhesive and textile manufacturing, and waste treatment.

Mr. Irving Sacks
Acting Director

Mr. Dean A. Horn
Director

Massachusetts Science and
Technology Foundation

MIT Sea Grant Program

15 May 1978

We are publishing the proceedings of this conference because we
believe that continued information sharing is essential if the advances
in deve'loping this valuable resource are to continue. We wish to ex-
press our appreciation to all those who participated in and contributed
to the conference, and we sincerely hope that publication of the papers
will serve in the future as a comprehensive reference source for them,
as well as for those who could not attend.
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P RE FACE

~IIITIN  kai'tin!. Zoos, and Chem. Also -ine.
[a. F. ch tine, f. Gr. yizDv frock, tunic: see -IN.

 The etymological formation would be chitonin!]
The organic substance which forms the elytra and

lnteguments of insects and the carapaces of crustacea.
The Oxford English Dictionary, 1961

One of the streets in the old quarter of Nancy, France, bears
the name of Henri Braconnot, the discoverer of chitin. Braconnot,
who lived from I/80 to 1856, studied chemistry and botany ln
Strasbourg and biology and geology in Paris. Still ln his twenties,
he became director of the Botanic Gardens of Nancy. The city
honored him, however, apparently not for his scientific contri-
butions'~ but for a generous sum of money he left to the town,

In the course of his work with mushrooms in 1 81 1, Braconnot
became intrigued with a cellulosic substance he had isolated which
did not undergo change ln an alkaline solution. He named the
substance, "fungine."

Ten years later, in 1821, the name "chitlne" was given to
a material seemingly identical to fungine, but found by A. Odier
while studying insects. Qdier, who published the new name in the
M6moires de la Socibtd d'Histoire Naturelle de Paris and in the
Dictionnaire Classique d'Historic Naturelle, noted," It is most
remarkable tu find the exoskeleton of insects to be identical with
the cuticle of plants." Though Odier was incorrect in believing
the two substances were identical, he is distinguished for not
only naming chitin but for being the first person to observe the
remarkable similarity between the function of cellulose in plants
and that of "chitine" in insects.

Scientific interest in chitin continued for a time, but
eventually much published work fell into disuse and was forgotten
until almost 40 years ago when awareness that this natural polymer
had an impressive number of potential applications stimulated new
research. The editors of these proceedings believe that this
curiosity and subsequent investigations into the uses of' chitin
contributed to the British war effort by providing a superior
adhesive for the wooden fighter planes used by the British during
the beginning of World War II.

Now more than a century and a half after Braconnot made his
discovery, scientists throughout the world are fascinated by the
potential large- scale, industrial applications for chitin. And
they continue to be astonished by the number of living organisms
in which they are finding chitin, its derivative chitosan, and
enzymes capable of interacting with the two substances. Chitin
has come of age. in both basic and applied science and technology.



At a time when it is accepted, indeed imperative, that the
wise utilization of natura'1 resources is a conditio sine gua non
f h eeity's se i 1, it legit 1, fe sighted ~i' te e g
with the best traditions of international scientific cooperation
for the Sea Grant Program of NOAA, U.S. Department of Convaerce,
together with listed academic institutions and organizations, to
co-sponsor and generously support the first international confer-
ence on chitin and chitosan, of which these are the proceedings.

Most of the papers in this volume were presented at the
conference. Papers by E,R, HAYES, et al., page 103; K. SIMPSON,
page 253; O.L. OKE, et al., page 327; lhl. TAKEDA, page 355; B,P.
HETTICK, et al,, page 464; M.l . BADE, page 472; S.C. SHRIVASTAVA,
et al,, page 492; C.J. BRINE, page 509; K. OKUTANI, page 582;
and K.O. PARKER, page 606, however, were received after the
conference and are included here because of the contributions
they are making to the field.
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CHITIN, AN I1IPORTANT NATURAL POLYMER

Riccardo A,A. Muzzarelli

Institute of Biochemistry, Faculty af Medicine, University of Ancona,
Ancona 60100

Italy

There are many natural polysacchar ides commercially available today . They
include cellulose, dextran, pectin, alginic acid ~ agar-agar, agarose, starch,
carrageenans and heparin; al'l of them are ei ther neutral ar acidic . Chitin and
chitosan, the more or less acetyiated polymers of glucosamine. on the other hand,
are the only natural polysacchar ides that have sharply basic characteristics, and,
because of their basicity, they have uninue properties: for example, their solubility
in various media, the viscosity of their solutions, their polyelectralyte behavior,
membrane-forming ability and polyoxysalt formation. Their optical and structural
properties are due to the presence of regularly spaced amino groups on the
palyanhydroglucose chain.

From the chemical poin t of view, chi tosan is a primary aliphati c polyami ne,
and therefore it can undergo ali those reactions typical of amines. Its reactions
with carbonyl compounds include acylation with acid anhydrides to form novel
derivatives whose applicability ranges from selective aagregation of cancer cells
to special coa ti ngs . Al dehydes react very easily wi th ch i tosan at room temperature
to form Schitf bases. Products have been obtained from these bases that have
unpredictable characteristics; again, their applicability ranges over a wide field,
from the cross- linking of a tobacco sheet with chitosan and glyoxal, to enzyme
immobilization on chitosan in the presence of glutaraldehyde. The analytical
determinations of chi tosan are today performed with either p-ami nobenzal dehyde or
3-methylbenza-2-thiazo lone hydrazone. These determinations are sensitive enough to
permit the detection of early stages of biodegradation by fungi of hydrocarbon fuels
and measurements of fungal infi1tration of cellulosic materials.

Chelation of transition metals, mostly a result of the presence of free amino
groups, is offering new perspectives in chelati on chromatography and in 1 igand-
exchange chramatography. The establishment of quaIity standards for chitosan to be
used in chromatography would certainly contribute to its wider applications as a
chromatographic support.

Many ways of derivatizing chitosan are availab'le; most of them involve hydroxyl
groups. Sodium chitin, which has been known for many years, deserves more attention
than it has so far received as a versatile compound. Carboxyl group formation,
sulfation, cyanoethylation, glycolation, xanthation are just a few examples of the
many reactions that can be carried out with chitin and chitosan. New products have
been obtained from such reactions; semipermeable membranes far example, have been
made with glycolchitosan, desalting has been carried out with formaldehyde crass-
linked chitosan membranes and with regenerated chitin membranes, and the delayed
release of drugs coated with g lycolchitin has been studied in vivo. There is hope
that blood anticoagulants can be produced based an chitosan that may operate in a
manner similar to heparin.



The magnitude of the natural-resource base from which chitin can be obtained
has been established in the United States, and estimates of production costs
have been calculated, Industrial manufacture of chitin and chitosan appears
to be feasible; availab'Ie resources shou1d, of course, not only be exploited,
but also protected.

Many potential applications of chitin chemistry are of great industrial
importance. Paper and textiIe additives and finishes, adsorbents for harmful
meta1 ions, cements for leather manufacture, drilling muds, photographic products
and coagulants useful for flocculating suspensions are some of the topics that. have
already been examined i n the literature. Since chitosan is biodegradable. vegetabl e-
canning waste suspensions coagulated with chitosan can safely be fed to animals.

In recent years, biochemical research has shown increasing interest in the
biosynthesi s of chitin and in the re I evant enzymology. Chitin and chi tosan are
two of the polymers that provide structural support to many organisms. Fungal
and animal chitin are not the only forms that occur: the po'Iysaccharide from
bacterial cell walls, composed of alternate N-acetylmuramic acid and N-acetyl-
glucosamine units, can be regarded as an ether of lactic acid and chitin. Chitin is
hydrolyzed by lysozyme. The biochemistry of lysozyme has been elucidated with the
help of oligochitosaccharides,

The pathway of chitin synthes~s has recently received important elucidation
from investigations carried out in vivo; many other experiments have been done to
study the synthesis of chitin in vitro. The roles of chitin synthetase and B-ecdysone
are also under study, The purification of chitin synthetase and observations
of the microfibrils that originate from chitosomes are still other recent
accomplishments. Chi tosomes have been described in terms of spheroidal organelles
about 50 nm in diameter, which undergo a series of irreversible transformations
when substrate and activator are combined to produce fibrils.

Chitin associations have received attention in recent years as well. For
instance the concept of discrete layers of single components in fungi  u-glucan,
protein, a-gIucan and chitin! has been rejected in favor of structural gradients.
Chitin deacetylase has been found in certain microorganisms where chitosan is
produced through enzymatic deacetylati on of chitin. The chitin bi osynthesi s can be
inhibited by various substances such as polyox ins and insectic ides derived from
substituted ureas. IIere again chitin assumes importance in our life as it plays
a role in the agricultural sciences and in entomology. The insecticidal action
of microorganisms   including viruses� ! is enhanced by c hi tinase. Associations of
glucanase and chitinase as antimicrobial agents have been proposed for use in
agriculture. There is evidence that the growth of the hyphal tips of fungi depends
on a delicate balance between wall synthesis and wall lysis; chitinase can alter
this balance,

Chi tosanase has only recently been discovered; the purified enzyme hydrolyzes
chitosan, but not chitin. It prevents spore germination of Mucor strains and
causes a decrease in the turbidity of germinated spores of this fungus, which is
known to contain chi tosan,

In the light of available scientific and technical information, chitin appears
today to be a substa nce of much greater significance and relevance than it seemed
to have only a few years ago. The progress made in our knowledge of chitin also



provides an excellent example of the value of interdisciplinary research. Its
implications for ecology, resource conservation, pollution prevention and
agricul tora'l and food-industry uses are obvious. Chitin seems to fu! fill a number
of demands in our technologica'l world and, and at the same time, to be a key
polymer for the preservation of our environment.

This First International Conference on Chitin and Chitosan was convened to
affirm the importance of chitin and to integrate our expertise and knowledge in
a common endeavor,



I. SOURCES OF CHITIN



DISTRIBUTION AND QUANTITATIVE IMPORTANCE OF CHITIN IN ANINALS

Ch, Deuniaux

Laboratories af Narphol ogy, Systematics and Animal Ecology
2oalogi ca I Institute, University of Li ege

B-4020 Lihge
Be 1 gi um

ABSTRACT

Using a specific and quanti tative enzymatic-identi fication procedure,
the polysaccharide chitin has been found in a wi de range af anima'l spec-
cies. It is used by pro tozoans, mainly ci liates, to build up cyst walls.
It also constitutes the bulk of the stalks ar s tems of mos t hydrazoan
colonies, but it is rarely produced by Scyphazoa  jellyfishes! and
Anthozoa, and is absent in sponges.

Chitin is the main structural polysaccharide of most invertebrates
belonging to the Protos tamia, Arthropods are the best known and most
important chitin-producing animals; the dry organi c matter of their cuti-
cles can contain up to 80 chitin . Besides the ar thropods, relatively
large amounts of chitin may be found in the setae of annelids  from 20 ta
38K of dry weight!, in the skeleton of the colonies of Bryozaa and in the
she'lls and other structures  jaws, radulae, gastric shield! of many mol-
lusc species  up ta 7X of the dry organic matter in gastropods and
bivalve shells, and up to 26M in cephalopads!. Chitin is only absent in
free and parasitic flatworms  Pla tyhelminthes!, nemerteans, sipunculids
and leeches. In some other groups, such as nematodes and ratifers, chitin
is present only in the egg envelopes.

Chitin synthesis has never been observed in echinoderms or vertebrates,
but the tubes of some Pogonophora contain 33K chitin, while tunicates se-
crete a chi ti nous peri trophi c membr ane,

From an ecological point of view, besides crustaceans and molluscs,
marine benthic animals are a rich source af chitin. Despite their small
size, bryozoan and hydrozoan colonies yield a large biomass with relative-
ly substantial amounts of chi tin . Some bryozoans play a role in the
epuration of fresh water and produce a considerable biomass of chitin-con-
taining colonies as well.

The proportion of "free" chitin, i.e., nat bound to other organic mole-
cules, is generally low  less than 10%!, although it can account. for 80%
of the total chitin in mollusc shells� .

INTRODUCTION

The first comprehensive studies of chi tin distribution in animals  9,
10,20,26,2B! were based on histochemical methods, such as the chi tosan
test by Campbe'll �!. These methods lacked specificity, however, and
were sometimes unreliable, especially with small animals or when the
amount of chitin was low �3, 25 ! . The more recent x-ray diff'raction
method   27! gi ves accurate but only qualitative results� .

In order to obtain both qualitative and quantitative data on chitin



occurrence and localization, an enzymatic method based on the use of puri-
fied chitinases was developed  I3,14!. Owing ta the specificity at chi-
tinases  Enzyme Nomenclature:3.2.1.14! for the u-1,4 glucosidic linkages
in N-acetyl glucosamine polymers, this enzymatic method is highly specific
for chitin, provided the purified chitinase preparation is devoid of other
hydralase. Moreover, this method enables us to discriminate the "free"
chitin from the chitin chemically bound to other substances �4!.

This distribution of chitin biosynthesis in animals has already been
discussed from an evolutionary point of view �3,14,16!. The aim of the
present paper is ta try to sunn!arize the numerous data so far obtained
with regard to the main ecological features of chitin-containing animals.

METHODS

Chitin was identified and estimated by the enzymatic method of Veuniaux
�3,14!. After desiccation under vacuum, the material was weighed, treat-
ed with 0.5 N HC1 at room temperature, washed, weighed, then treated with
0,5 N NaOH for 6 hours at 100 C. After washing, the residual material was
suspended in a buffer  citric acid O.Z M - NazHPQv 0,4M! at pff 5.2 and
incubated for 4-8 hours at 37'C with 1 ml purified chitinase �,9 mg/ml
for 0.02-2 mg chitin!, using thymol as an antiseptic. After centrifuga-
tion, an aliquot af the supernatant was incubated with chitobiase  lobster
serum 10 times diluted with distilled water! at pH 5.2 at 37'C for 2
hours. The liberated N-acetyl glucosamine was determined by the method of
Reissig et al. �4!, The results are expressed as mg of chitin per 100 mg
dry organic matter  chi tin X!.

"Free" chitin is estimated by the same procedure, omitting any previous
treatment with NaOH.

The enzymatic method was also used for the qualitative detection of
chitin in small anima'Is �,13,15!. After treatment with HC1 and NaOH, the
washed residues were stained with Congo Red, then incubated with chitinase
and observed under the light micro."cope,

Chi tinase was purified from submerged culture filtrates of Stre tom ces
antibioticus  ll! fallowing the procedure described by Jeuniaux 1 , 3,IS .

RESULTS

Micro- and meiofa una

Among protozoa, chitin is used by most ci liates to build cyst walls �4
of Z2 species so far studied! �!, or sheaths in the case of the sessile
species   Fol 1 icul i na ! that can sometimes be abundant on marine substrates .

The mesopsammic meiofauna pluricellular species living in soft sedi-
ments are mainly Turbellaria, nemerteans, nematodes, ratifers and gastro-
tr ichs, which are devoid of chi tinous s tructures. The eggs of nematodes,
roti fers and gastratr i chs are, however, often provided with chi tinoproteic
enve'lopes   14 .6% chitin with respect to total dry weight of the amicti c
egg f ! a hiant ~1e di ii! �.�!.

Kinorhynchs, small and scarce mesopsammic ~arine animals, are covered
with a chitinous cuticle. Tardigrades, which are often more common, also



possess contrary to the opinion of some authors! a relatively thick cuti-
cle made of chitin, probably bound to prote1ns �!,

~E ~ do arasi tea

Chitin was found neither in parasitic flatworms  Cestoda, Trematoda!
nor in round worms  Hematoda!, except in the egg envelopes of the atter
�6,6% in ascari d eggs! �3! .

Terrestrial invertebrates

Chitin is the structural polysaccharide of the cuticle of insects,
arachnids and myriapods �0 to BOX!. Terrestrial tardigrades �! and
onychophorans �7! a'iso possess a chit1nous cuticle, The setae of earth-
worms  Oligochaeta ! are also typical chitinous structures �7!. In the
pulmonate gastropods, snail shells contain small amounts �X! of chitin
�3!, mainly as "free" chitin.

Planktonic and ela 1c animals

The marine zooplankton are a rich source of chitin, being mainly formed
by small holoplanktonic crustaceans and, 1n certain periods, by the mero-
planktonic larvae of pelagic or benthic crustaceans. Their cuticular
organic matter contains about 60-80K chitin.

Planktonic and pelagic coelenterates  Hydrozoa, Scyphozoa, Ctenophora!
are devoid of chitin, with the exception of the pelagic colonies of
Chondrophor idae such as Velella, the floating apparatus of which is a
chitinous perisarc, as previously stated �0,22!, containing about 48
chitin, almost entirely as "free" chitin.

The most important chitin-producing pelagic animals are the cephalopods,
mainly cuttlefishes, the shells of which sometimes accumulate on the
beaches with the tide. Chitin accounts for 26f, of the organic matter of
~Se ia offi i alia shell, d f r 17.99 of sq id 7~I.oil o ~ ~ ~ 7 1 aarrifs s! pe s.
mainly as "free" chitin.

Henthic marine fauna

Most benthic marine invertebrates produce chitinous structures, with
the exception of sponges, f1atworms  Turbellaria!, nemerteans, ech1noderms,
sipunculids, pterobpanchs and enteropneusts �,13,27!, The thick mantle,
or tunic, of the sessile tunicates  sea squirts! is devoid of chitin, but
these animals secrete a chitinous peritrophic membrane �l!.

In crustaceans, the proportion of chitin in the cuticle is about 65-85K
of the dry organic matter,

In molluscs, chit1n was found in variable amounts in a wide variety of
mOrpholOgiCal StruCtureS  8,13,23!, mainly aS Mfreem chitin, The propOr-
tion of chitin varied from 0.1 to 7.3t in the periostracum, traces to 0.27
in prisms, 0.1 to 1.2X in mother of pearl, and from 0.2 to 8.3% in the
calci tostracum of bivalve shells, the higher values being found in burrow-
1 g species such s ~G1 c meHs. 9 . ph ~ las, 7 hase aod ~ma, rh gas-
t 1 shield of sisal *s also made f hitio 77.7t 1 7 haea ~cis ata
LI]!. In marine gastropods, the proportion of chitin was 3. to 7.0X in



mother of pearl of 3 species of Prosobranchia, 19.7~ in the radulae, and
36.85 in the gizzard teeth of an opisthobranch. In the shell plates of
A thochites ~di aos Tpolypi ophoral, chiti aeo oted to 123.

In different kinds of setae of marine worms  Polychaeta!, chitin ac-
counts for 20 to 3BX of the dry organic matter and is mainly bound to
quinone-tanned proteins. The tubes secreted by tubicolous worms do not
con tai n any chi tin,

Besides this macrofauna, benthic communities of the continental shelf
also include the encrusting or erected colonies of hydrozoans and bryozo-
ans  Ectaprocta!, In both cases, the cuticular organic matrix af these
colonies is made af chitin more or less bound to proteins, calcified in
many species. In hydrozoans, the amount of chitin varied from 3.2 to
39.3'i 3133. 1 hole eall les oi h yozo s  Fz st ~, ~511 ~ ri ~,
Cellaria, Crisia!, the amount of chitin was 1.6 to 6.4%. 0espite their
small size, hydrazoan and bryozoan colonies may comprise an important
element in epi faunal rommunities and may thus represent a large biomass
of chitinous organic matter.

Chitin was also faund in the stalk cuticle of Endoprocta, in the tubes
of Phoronidea �3.5C!, and in thase of Pogonophora �3'4! �,7!. The
shells of brachiopods seemed to be devoid of chi tin, with the exception
of those of some Inarticulata  ~Lin ula, Dlscinisca!  9!, in which chitin
~ eo ted t 293 of the d y o gaoic tt TTT3. The coti le of the p di-
cle was chitinous in all the brachiapods so far studied  9,13,27!.

Benthic freshwater invertebrates

Besides insects and crustaceans, a few bryozoan species may develop im-
portant colonies in some semi-polluted waters and give rise to the pro-
duction of a large biomass �9! mainly made up of a chitinoproteic exo-
skeleton  ectocyst !  9,13!. The biomass of Plumatella ~fun osa colonies
in a pond was estimated to be 15.6 tons/ha  fresh weight and the annual
production to be 112 Kg nitrogen/ha/year. These colonies play a prominent
part in the process of water purification �8!,

CONCLUSIONS

If chitin is mainly secreted by cells of epidermal ori gi n, the endoderm
layer is also able to synthesi ze this polysaccharide, not only in ar thro-
pods, annelids and even tunicates  peritrophic membranes!, but, also in
molluscs  gastric shields and gizzard plates!.

The biosynthesis of chitin is a very old property of the animal cell,
already present in Protozoa. This property was retained by most inverte-
brate animals of those groups belonging to the protostomian evolurionary
lineage. At the top af this lineage, arthropods have exploited to a maxi-
mum the ability to use chitin as a structural polysaccharide, chitin often
cons ti tuti ng, indeed, more than 50% of the cuticular organic matter. How-
ever, chitin may also be found in appreciable amounts in annelids, mol-
luscs and in hydrozoan and bryozoan colonies, which form an important part
of the marine benthic biomass.
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important for the resistance of the wall and for the protection of the
cell from different harmful compounds. Besides, some proteins of the cell
wall have enzymatic activity. Structural components are responsible for
the shape and rigidity of the cell wall. Using microchemical tests,van
Wisse1ingh �0! recOgnized that fungi had either cellulosic or chi tinous
walls. Further refinement in the analytical methods sheds some doubts on
the results obtained with microchemical reactions, but more recently it
has become evident thar fungi have chitin, cellulose and other B-glucans
as their structural polymers.

Chitin is the sole structural component of fungal cell walls, where it
is responsible for their shape and rigidity. As evidence for this state-
ment, it can be shown after the removal of amorphous ce'Il components from
the cell that the cell wall maintains its original structure �3!, Treat-
ment of whole cells with chitinase seldom removes the cell wall or gives
rise to protoplasts, This failure to hydrolyze the cell walls is due to
the inaccessibility of the chitin to the enzyme. Qn the other hand, once
the amorphous ce'll components are removed, chitin becomes accessible to
chitinase, is hydrolyzed, and the shape of the cell wall is lost.

Particular fungi mutants, unable to synthesize chitin, form swoilen
hyphae and are osmotically sensitive �9!,

polyo i, a g oup of ~ ~ ttbiotics p od ced by S~tte to es cac i, i te-
fere with chitin biosynthesis �3!, This antibiotic inhibits the growth
of fungi �6,17!, and at suboptimal concentrations ind~ces morphological
alterations of the cells �,8!.

Zygomycetes contain chitosan, besides chitin, in their cell wall. Ap-
parently, in these fungi, chitosan plays an important role in the rigidity
of the wall, since their cell walls are lysed by a chitosanase preparation
obt i ed fro ~ ~Stre to c s sp.�S!. This p pasatio d es ot lyse fu gal
chitin.

There is a strong correlation between the chemistry of the ceII wall
and the taxonomy of fungi. Bartnicki-Garcia �! has distinguished 8 groups
of fungi according to the chemistry of their cell walls  Table I!, These
chemical groups coincide closely with accepted taxonomic and evolutionary
concepts.

Chitin is present in most fungi and, according to this classification,
it may be the only structural component  groups Y and YII!, or it may
share this role with cellulose in group III and in some Oomyceres �2,23!
not considered in Table I, or with chitosan  group IY!. In yeasts, chi tin
is only a minor component, and it is localized in the rim of the bud scars
 Ig!
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TABLE 1

CHEMOTVPES OF FUNGAL CELL WALLS*

TAXONOMIC GROUPCHEMQTYPE

Acrasiales
Oomycetes**
Hyphochytridiomycetes
Zygo nycetes
Chytri di omycete s
Ascomycetes
Basidiomycetes
Deuteromycetes
Saccharomycetaceae
Crytococcaceae
Spor obolomycetaceae
Trichomycetes

I Cellulose-glycogen
II Cellulose-gl  can

!II Cellulose-chitin
IY Chitosan-chitin
V Chitin-glucan

VI Mannan-glucan

VII Mannan-chitin
YIII Polygalactosamine-galactan

*From Bartnicki-Garcia �!
*"Some members of the order Leptomytales have been shown to contain also
chitin in the cell wall �2, 23!.

METHODS

Detection of chitin in cell walls of fungi has been achieved by the
classical microchemical test of van Wisselingh �0!. This method may give
erratic results, however, so its use has been mostly abandoned as a reli-
able test for chi tin . Several authors have made use of the characteristic
insolubility of c hi ti n as a method of detection . These authors regard a
compound which is insoluble in acid and alkali and releases glucosamine
by hydrolysis with 6N HC1 to be chitin. More reliable is the use of
infrared spectroscopy to detect chi ti n . Mi che ll and Scurfield �6! made a
careful study of the infrared spectra of standard compounds and found that
chi ti n was easily recogni zed from other cell wall components by its
characteristic bands. They compared the spectra of isolated and extracted
cell walls from several fungi wi th the standards and recogni zed the
presence of chi ti n and cellulose in the different genera exami ned . Infra-
red spectroscopy has been used to detect the presence of chitin in
As e illus �3!, M ~ ch 11u �5! ~ 5 ~Ch e huts cucu htteruu �1!. The
met od par excellence to detect chitin is the use of x-ray diffraction.
X-ray powder diagrams have been extensively used to detect chitin in whole
cells, isolated. cell walls and extracted cell walls.

Galun et al.�5! used an ingenious method to detect the presence of
chitin in three fungi isolated from lichens. These fungi grow so meagerly
that it was impossible to collect enough material to carry out chemical
analysis. The authors regarded the incorporation of N- ~sH ~ acetyl glucosa-
mine and the binding of fluorescein-conjugated wheat germ agglutinin as
evidence for the presence of chitin in the cell walls of these lichen
fungi .
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Ouantitative determination of chitin involves measurement of hexosa-
mines in acid hydrolysates of the cell walls. Since durir!g hydrolysis
N-acetyl hexosamines are deacetylated, the method does not distinguish
between polymers of hexosamines and N-acetyl hexosamines. Most authors
first extract alkali-soluble glycoproteins and acid-soluble chitosan
before measuring chitin. It 1s also important to determine whether all
the hexosamine released is glucosamine or if there are also other hexo-
samines, of which galactosamine is the most abundant. A gentler and
more specific method to determine chitin is the measurement of N-acetyl
glucosamine released by enzymatic hydrolysis with chitinase and chito-
biase, Th1s method has been seldom used and then only for specific pur-
poses �1!.

Microfibrillar structure of the ce11 walls of fun 1

Severe I fungi which co~tain chit1n in their cell wall have been examined
by electron microscopy, !t is a general observation that the outer sur-
face of the cell wall appears rather smooth, or at most granular, whereas
the inner surface shows the prese !ce of microfibrils. The microfibrillar
appearance of the cell wa'Ils becomes more apparent when these are extrac-
ted with acid and alkali or treated with specif1c enzymes to remove amor-
phous compounds. Microfibrils have been observed by electron microscopy,
most'Iy after shadowing, but also heavy metal replica have been prepared
�1!. N ~ pati e taininp f 11 walls from ~H sto lasma fa    nose �4!
revealed the presence of microfibr1ls, both isolated and in bundles,
measuring ca. 6 nm, Similar microfibrils 2-7 nm wide have been observed

oblique d tanpe ti 1 secti ~ of Gilbe tells Re slee 14  9!.

In most fungi studied, microfibrils do not follow a par ticular orienta-
tion, but rather they are randomly oriented. Nevertheless, Scurfield �7!
desc ibad that i th ' er su fa e of ~po! nr s ~ ill 'tae microflb ils
showed a strong tendency toward a transverse or!entat>on, In cross walls
of the same fungus, m1crofibrils were circularly arranged around a central
pore. A s1milar arrangement of chitin microfibrils has been described in
the septa of Chaetomium globosum �5!.

Presence and content of chit1n in fun 1 belon in to different taxonomical
rou s

As mentioned above, ch1tin is present in most fungi. Using micro-
chemical tests, infrared spectrophotometry and x-ray diffraction, it has
been shown to be present in the cell walls of selected species of most
taxa: Chitridiomycetes, Hyphochytridiomycetes, Oomycetes, Zygomycetes,
Deuteromycetes, Ascomycetes and Basidiomycetes. Chitin has not been de-
tected in Schizomycetes, Myxomycetes and Trichomycetes.

It had been generally considered that Oomycetes lacked chitin in their
ce!'I walls, but, x-ray diffraction studies by Lin and Aronson �2! revealed
th p s ce ~ f chit' and cellulose i ~ the cell all of A~doch! a sp.
and mo e scantly i ~ the cell wall f the rel ~ t d species ~stow tus
lacteus �3!, These fungi conta1n in their cytoplasm unique granules,
~ce lu in granules �8!, which are composed of glucan and chitin �0!, By
x-ray diffraction, chitin and cellulose have been found also to co-exist
1 ~ the cell wall of the hypho hyt din ycet Reit~telo ces sp. �4! and
in the ascomycete Ceratoc stis ulmi �2!, By use of infrared spectra-
photo t y it as fa d t t th~ et y ete ~Ei m sp, po illy
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contained both chitin and cellulose �6!, This result has not been cor-
roborated by use of x-ray diffraction.

Ouantitative data of the content of glucosamine in the cel1 walls of
f'ungi belOnging tO different taXa are ShOwn in Table 2. Data were cal-
culated from the tables recapitulated by Bartnicki-Garcia �!, and were
completed with data that appeared in the more recent literature. Some
data were originally reported as glucosamine and other as N-acetyl gluco-
samine. In general, they are regarded as a reflection of the amount of
chitin present in the ce11 walls, Data are expressed as the mean of S
glucosamine in the several species examined, Standard deviation and the
lowest and highest values reported are included. Mode was calculated only
for those groups which had enough representatives to give meaningful re-
sults and where data showed modal distribution, Fractional data were
taken to the closest integer to calculate mode.

TABLE 2

GLUCOSAMINE CONTENT OF CELL WALLS FROM FUNGI
BELONGING TO DIFFERENT TAXONOMIC GROUPS

GLUCOSAMINE CONTENT  X!

MEAN ST. DEVIAT ION LOWER HIGHER MODE
TAXONOMI C
GROUP

In the case of Oomycetes, the small amounts of glucosamine detected in
the cell wa1'Is are not supposed to be present in chitin. Only the higher
ual e  lg.2'! hi h correspo ds t A~odachl ~ sp. is o sidered to h
chitin �3!.

lhe only chyt idio yc te r ~ po ted, ~A!!o c s a~acro us �!, ontsi s
one of' the highest values of chitin, but it may not be representative of
the whole class. As a group, Euascomycetes are the fungi with the highest
content of chitin. The lowest value �.1Ã! corresponds to a particular
strain of ~heu os ora c ~ ssa �4!: h, other st a' s f N, erases ha e
as much as 17.7% chitin in the wall. The highest value reported corres-
po ds to ~lls et illus ~ozae. Neniasco yc t a e the ta o o 1 1 gro p
that contains the lowest amounts of chitin in the cell wall, and,as men-
tioned above, it is restricted to the bud scars. The lowest value reported

f ~H ~ io *, d th high t 1 f S h

Oomycetes
Chytridiomycetes
2ygomycetes
Hemiascomycetes
Euascomycetes
Loculoascomycetes
Homobasidiomycetes
Heterobasidiomycetes
Deuteromycetes

2.3
58.0
15.0
1,5

17.6
14.8
12,4
4.5

10.5

4,3

10.1
0.9

10,6
10.0
16.7

9.6

0.1 18.2 2

2.1 31.0
0,05 2.9 1
5.1 48,0 7.12
4.8 38.0
I .6 6'I.O 8
3.7 5,4
0.35 29.7
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2 t !at �!. 2ygo y tes 4 Loc lass mycet o t 1 ~ si liat nt
of chitin. The lowest value for Zygomycetes cori esponds to conidia from
Nucor rouxii �! and the highest value to the sporangiophore from
Phvbco cess blatesleea ~ �7!. lyg ycetes co tai ch'toss hasid s chiti
in the' ce~la s. 5 chitasa is sol bili d by hot ~ c d, th mpo
ted values of glucosamine correspond to that released by hydrolysis of the
acid-insoluble residue. The lowest value for Loculoascomycetes was repor-
ted f r the ma i e f g s ~Le tos h erin ~1bo ~ tata �9!, d th highs t

co spo ds to the phytopathoge 2 cllliobolus ~mi ab an s �!.
Homobasidiomycetes contain lower amounts of chitin than Zygomycetes and

Loculoascomycetes, but a minor number of genera have been analyzed. Low-
est and highest values reported correspond to the same species Selerotium

!fail, the lo est heing f scl rotia and the high st f ayc lli~!.
Even more minor amounts of chitin are present in the cell walls of

Deuteromycetes; the lowest value was reported for Candida utilis and the
highest value f ~fidermo h to floe os �1.

The only member of Heterobasidiomycetes whose cell wall has been ana-
lyzed is Tremel la mesenterica �0!, The yeast form contains lower amounts
of chitin than the conjugation tube  see below!,

From the collected data it is evident that there are large fluctua-
tions in the chemical composition of the cell wall from different fungi
belonging to the same taxonomical group, and even of different strains of
the same species. A criticism which can be made of the analyses reported
is that fungi were grown under different conditions, in media of variable
composition, and for different periods of incubation. The cell wall can-
not be considered as a static structure, but it may suffer gross changes
in its composition depending on the conditions of growth. It has been
demonstrated that synthesis of chitin continues after protein synthesis
has been blocked by addition of cycloheximide �8!.

Contents of chitin in s ores and m celia

There are only a few reports where the composition of cell walls from
conidia has been compared with that from the mycelium or the sporophore.
Collected data are shown in Table 3. With one excepcion, spores contain
lower amounts of chitin than mycelium. The most striking differences
correspond to Nucor rouxii, whose spores contain only 2% chitin compared
to 9$ of the myse ium and 18$ of the sporophore, and particularly
Trichoderma viride whose conidia have no chitin, whereas the mycelium con-
tains 12-22K chitin depending on the age of the culture �!.
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TASLE 3

RELATIVE AMOUNTS OF CHITIN IN THE CELL WALL OF FUNGI
AT DIFFERENT STAGES

CHITIN  'X!STAGEFUNGUS

Mucor rouxii

Mycelium
Conidia

23.7
36.2

~As e 111 s ish i is

My eel i um
Conidia

~eeu s usa essa

Mycelium
Conidia

P ici11i m ~ch e u

Mycel ium
Conidia

Trichoderma viride 12-22
O

Com arative amounts of chitin in the cell walls of dimor hic fun i

There are fungi which show different morphology when grown under dif-
ferent conditions. They are called dimorphic fungi, Cell walls from the
yeast and mycelial forms of several dimorphic fungi have been analyzed,
and the results are surmari zed in Table 4.

Mycelium
Sporangiophore
Sporangiospore

9.4
1B.O
2.1

B. 0-11. 9
7.4-9.0

19.5-42
11. 4
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TABLE 4

RELATIVE AMOUNTS OF CHITIN IN THE CELL WALL
OF SOME DIMORPHIC FUNGI

MORPHOLOGICAL STAGE CHITIN  %%u!FUNGUS

Mycelium
Yeast

9,4
8.4

Mucor rouxii

2.3
1,7

Mycel ium
Yeast

tulata

Mycelium
Yeast

13
44

~h aston ces d atitidi

Mycelium
Yeast

4, 25,8
25, 11.5

~Histo las a ~ca sul t m

Mycelium
Yeast

~ttista 1 ~ sma fa imi osu 40
25. 8

Par acoccidipi des brasil iensi s Mycelium
Yeast

11
37

3.7
5.4

Yeast
Conjugation tube

Tremella mesenterica

Included in Table 4 are data on the composition of the cell wall from
the basidiomycete Tre   ella mesenterica, This organism grows in a yeast-
like form, but a long conjugation tube is induced by the presence of speci-
fic hormones �!. Analyses of' the cell walls from the yeast and the con-
jugation tubes revealed that the latter contained larger amounts of chitin
�O! .

There is no correlation between the morphology of the organism and the
co te t f hftin, II cot rouxii, Beech o s s gut late and H~lsto las
farciminosum contain slightly higher amounts of chitin in the mycel ial form
than in the yeast form; whereas Paracoccidioides brasil iensis and
~B esto ~ ces d atitidi ontain ~ hiti 1 t~h e i w 11 of the ye t
form, Conflicting reports exist on the chemical composition of the cell
ff ~ 11 f o ~hist 1 a c~asut t m; whe ea po ~ t al. �3 ep ted that
the yeast form contained more chitin than the mycelial form �5K vs, 4'K!.
Kanetsuna et al.   IB! reported that the mycelial form contained 25.8t
chitin and the yeast form only 11.5%%u. Interestingly, the related species
~Hi@to iasma fa ci 1 os �6] is the I orphic fu g hich co tates the
highest amount of chitin in the mycelial form.
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From the data presented in Table 4, it becomes apparent that the mere
difference in the relative amounts of chitin in the cell wall cannot ex-
plain the difference in morphology. Cell shape is probably determined by
the pattern of growth of the cell wall. It has been shown �! that fila-
ments grow only in the apical region, whereas yeasts grow uni formly
throughout the cell surface. Alternatively  ar simultaneously!, differ-
ences in the regulation of chitin synthetase may exp'lain the pattern of
wall construction �4!,
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THE DETECTION AND ESTIMATION OF CHITIN IN INSECT ORGANS

A. Glenn Richards

Department of Entomology, Fisheries A Wild'life
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St. Paul, Minnesota 55108

ABSTRACT

Chitinous membranes are never pure in nature . Usually some chemical
purification is necessary before applying a test, and for small and deli-
catee parts the purification is of uncertain validity . Several techniques
that are valid with robust samples  e .g ., x-ray diffraction� ! cannot be
applied to tiny delicate objects in a heterogeneous medium,

The presentation will cover the working defi niti ons used by various
workers. These include �! simply weighing the residue remaininq after
prolonged extraction with NaOH; �! determining the amount of glucosami ne
or acetylglucosamine after acid or enzymatic hydrolysis of such residues
from extraction with alkali; �! the incorporation of C14 labeled glucosa-
mine or acetylglucosamfne into an alkali-insoluble component; �! the
classical van Wisselingh chitosan color test with iodine; and �! the
fluorescent chitinase reaction.

INTRODUCT ION

My remarks will be of little interest to those whose concern with
Arthropods is only as the raw material for the manufacture of chitin and
chi tosan . As a biologist, I am interested in questi ons such as: Are a I I
membranes that are dispersed by hot alkali really devoid of chitin? Do
chitin percentages range in a con ti nuous series from 60 or BOX down to
zero? And, if similar appearing membranes occur with and wi thou t chitin,
then what is the significance of chitin? These questions cannot be defi-
nite'ly answered today. How close can we come?

METHODS

No pure samples of chitin are known to occur naturally, and to judge
from data such as Rudall's x-ray diffraction studies, chitin does not occur
free in cuticles but only in association with protein to which it is bound
in some manner. In practice, chitin is a substance that is not dispersed
by hot 1 N NaQH . Further characterization may or may not be done . The
residue from alkaline purification may be quantified by either gravimetric
determinations or by estimation of glucosamine  GA! or acetylglucosamine
 AGA! following acid or enzymatic hydrolysis. By definition, then, any
units which are removed during 'purification' would not be called chitin.
The inadequacy of this conclusion wi 1 1 be dealt with in discussing the
van Wisselingh chitosan color test.

In 1 971 Hackman and Goldberg � ! proposed a semi -micro method of chitin
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analysis. This involved dissecting off integuments, cleaning off the epi-
dermal cells by swabbing in 705 ethy'! alcohol, extracting with ch'Ioroform-
methyl alcohol �.'1!, drying, and powdering in a Wiley mil1. The powder
was extracted 2X with 1 N NaOH at 100' for 24 hours, and the supernatants
discarded� . Without removing the residue from the tube, it was washed
successively with water, 2 N HC'I to remove adsorbed alkali, 6X with ethyl
alcohol and 3X with diethyl ether. Tubes with residues were dried and
weighed� . Then the 'chitin ' was removed and the tube washed and re-
we~ ghed . Stated values for chitin were, then, the difference in weight
of tube + chitin minus tube alone . Using the above method, the authors
concluded that the cuticles of ticks contained 3.8% chitin and the mem-
branes of a bloodsucking bug Il .25. While the authors did not state it,
this technique assumes that all chitin is insoluble in 1 N NaOH and none
disperses in any way to become lost  remember that the supernatants were
discarded!; it also assumes that nothing else is insoluble in 1 N NaOH.
Clear'Iy, the method does not employ balance-sheet procedures that account
for all components.

For the pecu'liar 'living fossil� ' Peri patus, Hackman gave a value of BX
chitin in the cuticle based on calculations from the GA content of acid
hydrolysa tes of alkali-treated cuticles. Many more such values have been
given by Jeuniaux from enzymatic hydrolysates of alka'Ii-treated cuticles .
Jeuniaux obtained lower values, sometimes much lower values, when the
cuticles were not first 'purified' by treatment with alkali. This is the
genesis of Jeuniaux's concepts of 'free' and 'bound' chitin which explains
higher values from alkali -treated cuticl es as being due to the removal of
masking by certain chitin-protein associations. GA and AGA are found in
the hydrolysates of numerous things other than chitin, but the tacit assump-
tion is made that such alternative sources of GA and AGA have all been re-
moved by treatment with hot 1 N NaOH, Again we encounter the idea that
chitin is immune to alkali which, however, allegedly removes everything
else  exceptions can be cited for both points in this sentence!.

The incorporation of C14 labeled GA or AGA into an alkali-insoluble
fraction has been reported. While this can be a good approach for studying
chitin deposi tion, it does not seem useful for the identifi cation of chitin
as it appears in naturally occurring structures.

This leads to a consideration of the time-honored van Wisselingh chito-
san color test. This test involves partial or complete deacetylation of
chitin with hot conc KOH to produce chitosan. The more or less deacetylated
chitin reacts with iodine at low pH to give a characteristic violet color.
Since no other compound resistant to hot concentrated alkali is known to
give this color reaction, it is considered specific. Even though the test
seems to be reliable when positive, it is still dubious in terms of uni ver-
sal applicability.

In the first place, any object being tested must still be recognizable
after heating in conc KOH for some minutes. Since such drastic treatment
with a'Ikali destroys most biological struc tures, the object being tested
must not only be durable, but also sufficiently large to be found and
identified, Thus, tracheoles   the termi na I bra~ches of the respira tory
tree in insects! are said to be dispersed, but their si ze is such that one
wonders if they are rea'lly dispersed or just no longer recognizable.

More obvious i s the ca se of delicate structures that disintegrate under
the normal van Wisselingh procedure, but which if treated less violently
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may survive to give a positive chitosan color test. The minute scales on
the wings of butterflies and moths are good examples. !n many species
these contain enough chitin ta survive the most violent alkaline treatment.
In other species some of the scales wil I anly survive a less hat, less
concentrated or less prolonged treatment--and then give a positive cOlor
test. Scales of a very few species never survive treatment with hot alkali.
Results with scales of more than 100 species are tabulated by Richards �!.
These homologous structures from different species of this group of insects
form a series in which some give strongly positive test results and hence
may be presumed to contain a considerable percentage of chitin. Others
contain either less or more readily dispersed chitin, and some seem to be
negative--whatever invariable dissolution in hot alkaline solutions means,

The results from these tests, reported 30 years ago, seem c1ear. Some-
thingg giving the van Wissel i ngh color test far chitin can be dispersed by
alkali. What, then, is the validity of chitin determinations based simply
on alka'li-insoluble residues, or GA or AGA determinations from such alkali-
insoluble residues? As a biologist, perhaps I can be excused for asking
why na qualified chemist has addressed himself to the problem of what is
dispersed From such preparations by alkali. Chitins of various molecular
weight, such as described by Strout, Lipke and Geoghegan, may be part of
the answer; we do not know.

One would thi nk that there must be some minimal concentration of chiti n
for a str ucture to remain recognizable after removal of other components .
Most chitin-containing integuments are reported ta contain 30-40K chitin
on a dry-weight basis �, 6!. A few insect species have values as high as
605  some decapod Crustacea have values up to BN, if one considers only
the organic components!, but a few are recorded as having only 2-4%. These
low values have sometimes been induced only by gravimetric determinations
of the amount of alkali-insoluble residue, but in other cases, they are
ca'lculated fram AGA content. It would indeed be interesting to know if
the component called chitin in these cases with low percentages was really
the same as chitin present in hi gh proportions� . I wonder if the determina-
tionss resulting in reporti ng such very low percentages are vali d . I do
not know of any case where a report of very low percentage has been accom-
panied by identification of all that was removed .

With the uncertai nties j ust itemized, I welcomed the report of the
development by Benjaminsan �! of a fluorescent-enzyme technique that
seems to hold great promise . He conjugated chi tinase with ei ther fluores-
cein isothiocyanate or lissamine rhodamine B 200 chloride and took advan-
tage of the attachment af an enzyme to its substrate to localize chitin by
fluorescence mi croscopy . This method i s comparable to the powerful f1 uores-
cent-antibody technique that has been so valuable in immunology. However,
the description indicated that only a minimal amount of testing had been
dane. BenjaminSOn ShOwed Only that the method could wark We bOught SOme
chi tinase from a commercial source and prepared the Fluorescent enzyme only
to find that the chi ti nase was so impure that many things were s tained. We
attempted to purify the enzyme> and did clean it up by column chromatogra-
phy to the point that other things were only faintly stained when known
ch i ti nous structures were intensely stained . Chemi s ts at the laboratory
where Marks 6 Leopold �! work did a better job, and nice looking pictures
resulted   Figs� . 1-6 ! . This technique does not have the ambiguity ari si ng
from a preceding treatment with alkali.

There has still been inadequate tes ting of the fluorescent-enzyme method .
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The above authors used only normal cuticles that were not of great deli-
cacy. Presumably these contained the usual concentration of u-chitin.
Tests have not yet been made to check the method with all the known
crystallographic types of chitin  fg, 6 and y!, with low as well as high
molecular weight chitins, with 'free' versus 'bound' chitin �!, with
chitosan, with dispersed and regenerated chitins and chitosans, or with
membranes which are dispersed by alkali  tracheoles, epicuticle, air sacs
of bees, etc.!, Presumably, like histochemical methods in general, the
fluorescent-enzyme method will be a qualitative test not readily made
quantita tive. However, qualitative tests are good for identification and
localization.

In conclusion, numerous real advances in chitin chemistry have been
made in recent decades, but the ability to identify chitin with certainty
in small and delicate structures has advanced little. In the 8 years
since it was described, the fluorescent-chitinase technique has been used
by only one set of authors. It has real promise but needs extensive
evaluation.
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Figure l. A section through the cuticle of a leg of a freshly
molted cockroach as seen in a phase-contrast microscope.
a = cuticle; b = epidermis, All photographs from
Parks 5 Leopold �!,

Fig~re 2. Same specimen stained with fluorescent-chitinase and
observed in a fluorescent microscope. Note that
only the cuticle is stained.
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Figure 3. Section through the cuticle of a regenerating leg
at 25 days in vitro as seen in a phase-contrast
microscope. a = cuticle; b . epidermis.

Figure 4. Same specimen stained with fluorescent-chitinase
and observed in a fluorescent microscope. Note low
intensity of fluoresence in contrast to the normal
leg  Fig, 2! .
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Figure 5. Section through the cutie'le of a regenerating leg at
10 days in vitro as seen in a phase-contrast micro-
scope. a = refractile droplets; b = cuticle;
c = epidermis.

Figure 6. Same specime~ stained with fluorescent-chitinase and
observed in a fluorescent microscope. The thin cuticle
 b! appears as a bright line; the refractile droplets
 a! between cuticle and epidermis are also fluorescent
and hence assumed to contain chitin.
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ABSTRACT

Successive waves of interest in chitin development over the past several
decades have stimulated a considerable quanti ty of technical literature and
patents for numerous types of applications, but relatively little sustained
production and use. We shall discuss a practical analytical framework for
making realistic assessments of:

o the likely quanti ty and cos t of chitin producible from
the shellfish waste available in the United States;

o the magnitude of likely demand for chitin-derived products
at specific prices.

Considering the supply realities, we suggest the general form of a busi-
ness strategy we feeI is likely to succeed in achieving economic viability.
Our overall conclusion is that it appears to be commercially feasible to
produce between one and four million pounds of chitin/chitosan per year for
sale at a price between $I.DO and $2.50 per pound,

INTRODUCTION

Estimates of large quantities of crustacean shell waste available for
chitin production have been, in part, responsible for stimulating or en-
hancing practical interest in chitin. On the other hand, difficulties and
uncertainties of supply, as weIl as uncertainties in market potential, have
apparently been a factor in the abandonment of some commercial ventures in
this field. Since these problems are crucial to assessing the commercial
prospects of chitin, they have received the major emphasis in a study we
have recently completed under the sponsorship of the H. I.T. Office of Sea
Grant �!. The aim of the study was to consider whether and how chitin
might profitably be produced and sold, to obtain reasonable expectations of
the possible quantities, and to assess business arrangements by which this
might come about. Today, we would like to suggest a sound approach to this
type of assessment and to briefly present some results obtained utilizing
that approach.

ESTIMATING ACCESSIBLE SHELL WASTE SUPPLY

Impressively large estimates of potential chitin production in the
United States have been inferred from statistics on total shellfish landings,
or other methods that do not, critically consider the scattered distribution
or the practical cost of gathering the necessary material into shell waste
processing plants. When these factors are considered, virtually a 11 of the
lobster shell, and substantial amOunts of shrimp and crab shell, must be
eliminated as not practical for collection. Our own estimates are based on
detailed tabulations of the quantities of different processed shellfish
products produced in every state �!. We exclude as practical chitin
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sources those products which are marketed still in the shell and others
which are produced from imported shellfish in pre-shelled frozen blocks.

Beyond this, it is important Co consider that even thoSe products which
are landed and shelled in this country produce a shell waste which is
highly perishable, of low density, and has a substantial amount, of water.»
Transportation of this material is, therefore, rather expensive relative to
its potential value, Because of these factors, a tentative assumption was
made that maximum trucking distance for wet waste would be on the order of
50 miles . The assumption allowed us Co define 50-mile radius circles, cen-
tered over major processing areas, so as to include the maximum number of
waste-producing plants. Circles were applied to all areas containing any
substantial supply.

Within each c1rcle available waste was estimated, using appropriate con-
version figures for the species and Che shelling process involved. For
crab, the ratio of solid waste to live we1ght was taken as 60-75K, while
the range of shrimp landed without heads was 9-225, accounted for by
variation in species, size, season of the year and processing method,
Shr1mp heads were computed separately, based on area-by-area surveys of the
frequency with which shrimp are landed with heads on, and taking account of
the considerable differences between large and small species.

RESULTS OF THE SUPPLY ASSESSMENT

When waste production was calculated for the 23 encircled areas, the
total came to 149 � 192 million pounds, noC counting Alaska . Addition of
Alaska brought 1t to 237 � 302 million pounds. This material consists of
shrimp body peelings, shrimp head waste and crab waste, each of which has
a different chitin content. The chitin yield, if all of this were pro-
cessed, would be between 7 .4 and 1 1 mi 1 1 ion pounds, not counting A'I aska, or
a grand total of between 11.7 and 17.4 million pounds, if Alaskan material
were utilized.

Of course, for numerous reasons, it is not in the near future pract1cal
to utilize all of this material. Even if there were a ready chiti n market,
several of the encircled areas do not appear to have enough waste to make
chi ti n production in those areas profitable� .

In a chitin plant� certain economics of scale would be necessary for
economic v1abi'!i ty, and shipment of materials to or from sOme points,
especially in Alaska, can impose unbearable costs. Before many of the areas
could be considered as practical sources, special conditions would be neces-
sary.

PROSPE CTIVE BUSINESS ARRANGEMENT

Seeking special conditions that could improve the profitability of shell
processing in remote or modestly endowed areas, a business strategy involv-
ing both chitin and protein from shellfish waste was developed and evalua-
ted . The strategy treats chi ti n as a by-product of a protein recovery pro-
cess Chat, in some cases, may be profitable even in the absence of any

*The water content of shelf waste �0-804! in particular may have been
a source of confusion leading to earlier optimistic estimates of total po-
tential U.S, chitin supply.
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market for chitin, and would produce a quantity of dried shell waste suffi-
cient to supply a developing chitin market. The business plan would be for
certain strategically located shellfish or food-waste processors to reduce
shell waste to two dried components: �! a mechanically separated proteron
material for use in animal feed and �! the remainder of the dr~ed waste
for sale to a regiona I or national producer of chitin derivatives. Such
an arrangement would solve many processors' waste problems and allow them
a reasonable profit, considering all credits, without requiring them to en-
ter fields far outside their present expertise. It would also provide a
larger aggregate supply of chitinous shell residue to a chemical processor
whose capabilities are more certain to include appropriate process, pro-
duct and market development capabilities,

Other options are possible, provided that both supply and marketing
potentials are sufficiently assured. Thus, it is feasible for a seafood
company, already in command of a substantial supply of waste, to process
this material all the way to chitin or its derivatives, or for a chemi-
cal company  especial'ly one with food chemical operations! to acquire a
large reliable supply of raw waste for conversion to sophisticated pro-
ducts. In both instances, some of the essentials for supply control,
financial stability, and product development or marketing capability are
already present.

COSTS, PRICES AND QUANTITIES

The cost of any form of shell processing, whether merely dryinq it or
producing chitosan, would vary from region to region, partly because of
differences in labor, fuel and chemicals, and partly because the scale of
the operation and efficiencies dependent on it will be limited by the
quantities of available waste. If the 2-stage processing business arrange-
ment were chosen, the drying state, which is 1ess demanding in scale effi-
ciency, could be feasible in areas that could not support an i~dependent
chitin plant. If the output of several of these areas were funneled to one
chemical plant, the combined advantages would include the maximum level of
chitin production at the lowest overall cost. With this scheme in mind, we
have speculatively computed what these numbers might. be.

F~rst state processing was assumed to include appropriate steps for col-
lection of mechanically separable proteinaceous tissue superficially attached
to the shell, and to result in two dried components: a high-protein by-
product and the clean shell-waste residua'i. Since the protein by-product
appears to have a market, the cost of produc i ng the chi ti nous shell resi dual
was computed as:

CSR =  net cost of collecting shell waste! +  cost of
processing steps and associated busi ness costs!-
 credi ts for the sale of separable protei n and
reduction of waste-disposal costs!

A range of costs was comp~ted for each producing area  defined by the SO-
mile circle!, based on a range of reasonably expectable circumstances and
two alternative levels of production. [t was assumed that a modest produc-
tionn level  one third of each area ' s theoretical potential! could generally
be achieved by a single large processing company from wastes generated by
its own operations, with no collection cost, and with a saving of $5/ton on
waste disposal. For full production in each area, it was assumed that the
remaining two-thirds of the available waste would be purchased from other
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shellfish processors at $0-20 per ton and trucked up to 50 miles to the
plant.

Space does not permit a full elaboration of all aspects of the optimis-
tic and pessimistic se ts of assumptions which were used to generate the
ranges in estimated production costs for each area and level of production.
Briefly, the major uncertainties which gave rise to the ranges were:

o guanti ties of total waste available  leading to different
economies of scole in both capital and operating costs!

o Composition of the waste  rati o of recoverable protein to
other waste components!

o Future long-run selling price of the protein product . The
optimistic assumption was that the protein would sell for
a price equivalent to 304/lb. of 100K protein content.
The pessimistic assumption called for a price equi valent to
23.34/lb. of 100% protein content, On the basis of fish-
meal with 60' protein content, these prices would be
equivalent to 18 and 144/ib,  $360 and $280 per ton! fish-
meal prices.*

o Total labor cost  range: $6.50-9.00 equivalent per hour!

o Necessary before- tax return on investment to attract
needed capital  range: 20-40% per year!

It was concluded that for certain areas on the Atlantic, pacific and
Gulf Coasts, and under the most optimistic set of assumptions, a shellfish
processor holding at least one-third of the area's waste may be able to
earn a suffi cient rate of return on the protei n alone to justify the re-
quired investment, without any need for revenue from sale of the dried
she'Il residual. Under the most pessimistic set of assumption~, there may be
no areas around Chesapeake Bay, the South Atlantic Coast and the Gulf Coast
where the minimum required re turn on investment would be earned with shell
residual prices of less than 15 cents per pound.

When dried shell residual costs are tabulated for all areas, the focus
of study may then shift from the shellfish processor to the firm that will
make and sell ch i ti n derivati ves . Using these data and other simple tools,
it is possible to estimate the cost of various levels of, say, chi tosan pro-
duction and the prices that chitosan would have to bring to induce those
production leveIs. Entering into the calculations are process-based cost
estimates which include the purchase and rail transport of dried shell
residual, cost of hydrochloric acid for demineralization and the cost of
caustic soda for deacetylation, System-basea cost estimates were made for
wages, utilities and depreciation of capital equipment, By addi ng to this a
minimum required return on investment and appropriate marketing costs,
minimum uni t prices for various qua nti ties of chi tosan were calculated .

For our estimates, several assumptions were helpful, Rail transportation
was estima ted at two to three cents a ton mile to Augusta, Georgia, where

*It is conceivable that certain specialized animal feed uses might sup-
port higher prices than assumed in our study,
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caustic soda and acid should be plentiful and reasonable, and which is well
located between the major shel 'Ifish centers in the Atlantic and Gul f States.
It was also assumed that a chitosan manufacturer wil I purchase dried shell
residual from sources which will allow chi tosan production at minimum unit
cost. Other assumptions allowed for a doubling of the amount of hydro-
chloric acid theoretically required, and a Cen-fold excess of caustic soda
was a'llowed for maintaining desirable physical properties in the deacetyla-
tion mixture. Allowance was also made for the extra acid required for de-
mineralization of crab shells over that required for shrimp shells.

These exercises resulted in a tabulation of the costs of chi tosan pro-
duction from shell residual obtained from each of the different supply
areas. Entries were made for each area showing the amount of shell
residual available, the cost which that supply would contribute to chitosan
produced in Augusta, and the mi nimum requi red selling price for the re-
sultingg chi tosan . Entries were arranged in increasing order of
overall cost contri bution and a runni ng cumulative total of chi tosan pro-
duction was entered agai nst each. The graphic representation of the
supply function which such a table represents is shown in Figure 1, The
lower and upper lines of this figure represent, respectively, the optimistic
and pessimi sti c estimates uf the miini mum price of chi tosan plotted against
quantity produced, From an exam~ nation of this figure, we would conclude
that chitosan product~on of between one and four million pounds per year
could be feasible with a 20-40;.' return on capital investment, at chitosan
prices somewhere between $1,00 and $2 .50 per pound . What remains to be
done is an assessment of the likelihood that the market would absorb those
quanti ties if offered in that price range,

ANALYSIS OF POSSIBLE 0E1hIAND

To estimate the quantities of chitosan that might be sold at various
prices we have used two different approaches: First, we have examined the
price-quantity histories for selected groups of comercial polymers having
uses similar to some suggested for chi tosan. By observing the precedent
set by functionally related other materials, one may deri ve similar expec-
tations for chitcsan. Second, we have considered the reasonable market
potential for some specific applications of chitosan.

Relati onshi s Becween Price and uanti t for Selected Grou s of Commercial
~P ~ 1 e

Figures 2 to 5 show price-quantity relationships for four quite dif-
ferent polymer groups; general plastics, specialty plastics, cellulosics
and water-soluble gums and starches. Each figure shows the cumulative
goeahtlt of a11 the piffe t p ly+ers i ~ that po1y es pro p which s 1O at
or above a given price.* This kind of plot g~ves us some idea of the dis-
tribution of uses*» fur these materials which have supported given price
premiums over the cheapest subs tances in the category . If a chitin deriva-
tive is technically successful in performing some of the functions now
carried out by these materials, we can expect that it may, wi th effort,

*For example, in the oGums and Starches " plot, Figure 4, the total quan-
tityy of polymer sel'ling at or above $2 . 40 per pound is the sum of the quan-
tities of tragacanth, agar and pectin sold, or about 12 million pounds.

*+It is not, strictly speaking, an economic demand curve.
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capture some quantity of the market to the left of each 11ne at some price
below the line.

For three of the polymer groups, the general price-quantity relationship
appears to be roughly log-linear  linear change in price for logarithm1c
change in quantity sold! whereas for the gums and starches the relationship
appears to be more near'ly log-log. We do not have a theoretical framework
to explain either type of behavior,

We do find that when adjusted for inflation with the U.S. wholesale
price index, these relationships appear to be relatively constant over time.
For example, Table 1 shows the prices  corrected to April 1976 dollars!
corresponding to one and ten million pound per year quantities of the
yarious polymer groups inferred from price-quan0ity p'lots for different
years. It can be seen that for constant quant1ty, the price predicted from
the data for different years is essentially the same.

The appropriateness of any polymer group for predicting price-quantity
relationships for chitin derivatives must depend on a judgment of whether
chitin derivatives are likely to be able to find applications at least as
economically valuable as current, successful members of the predictor group,
The two groups which, on structural grounds, are most similar to chitin de-
rivatives are cellulosics, gums and starches, It is noteworthy that, for
the modest chiti n production levels 'like'ly to be attai nable in the U.S,, the
two groups suggest quite different potential prices. However, an important
caveat must be attached to the use of the gums and starches po'lymer group
as a potential precedent for future chitosan markets. Many of the most ex-
pensive members of the gums and starches group find primary usage in food
as thickeners, stabilizers, etc, Chitin derivatives cannot be expected to
find uses in food fcr some time because the long-term toxicOlog1cal studies
required for approval as a food additive are not yet available.

Even, however, at the conservative price level s suggested by compari son
with the cellulosic polymer group, there appears to be a reasonable expec-
tationn that the market can absorb several million pounds of cellulosic
polymer at pr ices between $1 .60-1 .90 per pound . This range is somewhat
be'low the price needed to induce chitosan production under the most pessi-
mistic set of assumptions on production costs, but it is above the midpoint
of the range between the optimis tic and pessimistic production assumptions.
Thus, there is some indication that prices consistent w1th realistic pro-
ducer requirements are also consistent with values associated with similar
products.

Potential Demand for Selected A lications

The price-quantity record of polymers with similarity to ch1tin deriva-
tives allows a very general projection of likely market behavior. The
ultimate ques tion, however, which cannot be resolved with the i nformation
currently avail'able, is whether or not the specific properties of a chitin
derivative will enable it to perform specific economically valuable func-
tions at prices competitive with alternative materials for those functions.
Table 2 lists five important properties of chi tosan and the major types of
econom1c uses whi ch depend on those properties� . In nearly all cases, good
comparative cost-effectiveness data indicat1ng the relative technical per-
formance of chitosan and its major competitors for each funct1on are lack-
ingg, because of thi s, any assessment is incomplete and necessarily
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TABI E 1

PRICE-QUANTITY RELAT!ONSHIPS FOR DIFFERENT POLYMER GROUPS -- DERIVED
FRDM SALES DATA FOR VARIOUS YEARS

Indicated Selling Price of
the Most Expensive  April
1976 dollars!"

1 million pound 10 mi 1 1 ion pound
Year of Data uanti t in rou uanti t in rouPol er Grou

Specialty Plastics 1973
1972
1971

4,10
5.00
4.40

5.90
7.20
6.40

Cellulosics

2.60
40**

2.50**

9.10
7 40**
6 70'*

Gums and Starches 1972
1967
1963

*Adjusted with U .S. wholesale price index for all comnodi ties .

* Very approximate values -- price-quantity relationships not well de-
scribed as linear, even on log-log plots.

General Plastics 1972
1970
1965
1960
1955

1974
1973
1972
1969
1965
1955

2.40
2,30
2.70
2.50
2.30

1.90
1.60
1.70
1.90
1,90
1.80

I.90
1. 80
2. 00
1.90
1.80

1,50
1.20
1.30
1.50
1. 50
1.40
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TABLE 2

SUGGESTED APPLICATIONS FOR CHITOSAN

Property Uses

Fi lm- formi ng

Coagulation

High charge density and potential
binding capacity  relative to
other substituted eel 1 uloses!

Strong binding to negatively
charged polymeric products

Wound-healing promotion, non-
thrombogenic

Ion-exchange or chelating
solids for chromatography,
meta'I recovery from waste
streams, industrial-process
water purification for
cycling, etc.

Ion-exchange membranes for
electro-dialysis

Waste-water treatment

Paper-strength additive, dye
binder for textiles, binding
agent for non-woven fabrics,
sausage-casing component,
adhesives

Wound treatments, surgical
adjuncts
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speculative, but we will summarize our major conclusions about likely
markets in two of these areas.

Ion-exchange/che1ating uses for chitosan appear to be among the most
promising in terms of the economic markets. Current styrene-divinylbenzene
ion exchange resins have total annual sales of several tens of millions of
pounds. Binding and chelating are functions for which at least some tenta-
tive cost-effectiveness comparisons can be made between chitosan's theo-
retical properties and the properties of conmercially available materials
on the basis of binding capacity. If we assume that chitosan can match
the commercial resins in other important properties, we can ask what the
price of an 805 deacetylated � meq/gram! chitosan should be on an equal-
binding-capacity basis in comparison with available weak base resins.
Such a comparison, based on a 1974 price list and property data for various
Rohm and Haas resins, suggests the equivalent value of chitosan to be be-
tween $2.35-6,41 per pound, More recent resin prices are likely to give
somewhat higher values. From this viewpoint, it is not unreasonable to ex-
pect that this single market might absorb one or more million pounds of
chitosan at prices comfortably above what is necessary to cover production
costs and a reasonable return on investment. Such an outcome would,
however, depend on developing actual products with packaging proper ties,
stability, uniformity and other characteristics competitive with existing
materials,

Recent investigations on coagulation applications provide
another example of where some limited compari sons of cost-effectiveness
seem to suggest an appreciable market at an acceptable price. In these
studies, functional performance of chitosan yielded favorable comparisons
with competing polymers selling in the range of $1.50 to $3.00 per pound
�-4!, At present, this set of applications is reported to be supporti ng
a price of $3.00 per pound in Japan �!.

Space does not permit full examination of the economic viability of the
many other suggested applications of ch i tosan . Some of these wi 11 be the
subjects of more specialized discussions by other speakers. We would
strongly suggest to researchers, however, that the generation of good com-
parative cost-effectiveness data for these applications will greatly facili-
tate commercial exploitation.
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THE ECONOMICS OF CHITIN RECOVERY AND PRODUCTION

Peter M. Perceval

Hunt Crab Meal Company
Hampton, Virginia

ABSTRACT

The economic viability of chitin recovery and production, at least at,
the present time, is mainly dependent upon five factors:

�! low-cost initial supply of crustacea waste with the
capability for expansi on without causing inflated raw-
material values;

�! a better understanding by all concerned of any unique
properties that already exist in, or can be introduced
to, this natura  polymer;

�! production methods which protect high-value market
properties;

  4! capability of defraying a significant proportion of pr oduc-
ti on costs by recovery and sa 'e of by-products,
especially protein;

�! quality control sufficient to guarantee minimum stan-
dardized product performance .

A plant capable of produci ng 1,000,000 pounds of chitin a year, or
750,000 pounds of chitosan, should be able to do so at less than $1,00 per
pound for chitin and $2.00 per pound for chitosan, even if its only by-
product is protein. How far production costs can be reduced below these
figures depends upon some of the points covered, How high the market price
will be depends upon the remaining factors.

D I SCUSS ION

The topic "Economics of Chitin Recovery and Production" should
really be broadened to include the words "and by-product" because even if
chitin were to sell for such a high price that one could i gnore the poten-
tial revenue from by-products, the tremendous volume involved would create
a significant disposal and/or pollution problem. Furthermore, in a world
concerned about protein availability, it is unthinkable to waste such a
source of superi or protein, and most of this pr otei n should contain si g-
nificant amounts of the important pigment astaxanthin, for which there is
a qrowing demand.

The first and most important factor affecting the economic picture ob-
viously is to obtain a low-cost initial supply of crustacea waste, such
that there is the capability of expansion without causing inflated raw-
mater ial values . It may sound ridiculous to mention somethi ng that i s so
obvious, but I can assure you, as can others in this room, that without
the certainty of expansion of raw materials at reasonable prices your own
initial success may put you out of business . Waste materials have little
or no value until someone knows you have to have them for expansion. In
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the United States, with a few exceptions such as in some parts of the
Mexican border area and possibly portions of Alaska, any location that
would meet this criterion is likely already to boast a crustacea-meal
plant - either crab meal or shrimp meal. This is because large quantities
of waste only occur where there is a concentration of processing plants,
and such an accumulation of plants doesn't happen overnight. Thus, the
concentrations of waste are generally in places that have already had to
face the problem of waste disposal by approved methods. Usually their
salvation has been to convert it into a relatively low-value meal for
poultry feed. This was an entirely logical deve'lopment. It merely up-
graded a material whose only prior utility was as a fertilizer. Admit-
tedly there are locations which are exceptions to what I have just stated,
but few if any ot these areas have a large enough concentration of waste
in a closely defined area to be of primary interest for chitin production.
however, those areas may well make good secondary suppliers of raw
materi a I,

Such existing utilization of shellfish wastes should not in arty way
discourage those who are now interested in chitin production. In fact, if
you examine the economics of meal production and existing meal-plant opera-
tions, you will find that in most cases there is a heaven-sent opportunity
to bring about a further upgrading of the same waste. It would be very
appropriate if something which was first dumped, then collected as ferti-
lizer, and then converted into poultry feed could now be used to realize
the promising applications that have been found t'or chiti~ and its
deri vatives.

The potential chitin-producers' opportunity stems from the meal-produ-
cers' problems. With few exceptions, meal plants have been in existence
for some time, and with shifting community development patterns many of
them now find themselves in areas that have changed from sparse population
to commercial or residential areas. The new neighbors don't like the odor;
air and water pollution prevention is costly, as is compliance with OSSA
and meeting increased fuel and labor costs, An economic study of the
shellfish meal industry would reveal the sad fact that the costs of pro-
ducing the meal continue to rise, but the price that can be obtained is
dictated mainly by prices ot soy and fish meal, both of which can be pro-
duced in tremendous quantities and are therefore not so sensitive to
inflated production costs.

I believe you will find that many meal producers would be receptive to
some arrangement with a chitin producer. Most importantly they already
have established collection systems drawing material from multiple primary
producers of the waste. Also, they have a long history of service to their
primary producers. Thus chemical companies would not have to get into
the difficult matter of negotiating with dozens of different small sup-
pliers or the business of operating potentially smelly garbage trucks.

The second factor which radically affects the economics of chitin
recovery and production is to obtain a better understanding by all con-
cerned of any unique properties that already exist in, or can be intro-
duced to, this natural polymer. In the last four years I have heard too
many potential customers make the statement, "I don't know enough about
chitin or chitosan to really say where it would fit into our line or what
qualities I would like to have in the samples we need, but send me some
anyway." I be1leve that by and large the same is true even today. Those
of us who have produced or promoted chitin and chitosan still don't know
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enough about its unique capabilities to provide potential customers w1th
all the answers they must have. We all know that these chemicals are
exciting, or we wouldn't be here in Massachusetts. In our excitement and
rush to get a product on the market, we have overlooked much of the basic
understanding of "our polymer."

Whatever it is that chitin and chitosan can do that cannot be done by
patential competitors should be emphasized. Furthermore, I am convinced
that we have on'ty begun ta scratch the surface of what there 1s to know
about properties that can be introduced into chitin and ch i tosan . If the
economics of plain chitin and chitosan production are favorable enough to
warrant their production, and I believe they are, the economics of other
derivatives and combinations should be even more exciting. We have got
to understand more about the basic chit1n before we can get too far with
these other passible markets.

The next factor affecting the economic picture is the production
methods which are used at every step along the way. When you produce
chitin, let alone chitosan, you are incurring quite a lot of expense, and
it would be logical to expect that you will wish to sell your end product
for its highest possible value based upon any unique properties. Regard-
less of which properties you may wish to emphasize, age and previous
handling methods for the raw material may have already started working
against you, Again you may have succeeded in getting rid of a'll the
calcium, but in continuing acid treatment beyond that point, you risk
other damage without any indication of what may be happening until it' s
too late. Merely showing no ash residue will not tell you this. The same
1s true for your deproteini zation step, It is not hard to get rid of all
the protein, but what else did you affect if you used too harsh a treatment?
Of course, the same thing applies to deacetylat1on. From my experience I
believe that as much care needs to be used 1n protecting desirable proper-
ties as in disposing of all traces of undesirable ash, protein and acetyl
groups,

The fourth factor which is vitally important in considering the economic
picture is the matter of maximizing revenue from by-product recovery and
sale. Depending upon the raw material used, there are different amounts of
protein present and different amounts of calcium to be handled, In the
case of chitosan production, obviously there is yet another removal problem
in the matter of the acetyl groups. The costs of removing these undesir-
ables can be significant, and what are you goi ng to do with them to avo1d
being a polluter> The quantities involved are staggeri ng. For example,
a plant producing 1,000,000 pounds af chitosan from Gulf of Mexico shr1mp
waste would have to dispose of abaut 1 . 76 million pounds of dry prote1n
annually. A plant working from blue-crab waste and producing 1,000,000
pounds annually of chitin will find itself buried in approximately
3,000,000 pounds of protei naceous material plus several million pounds of
calcium in some form or another,

The calcium presents some interesting disposal and/or recovery problems,
but the protein situation is fairly simple. This is excellent protein,
which varies according to species and method of extraction from about 6OX to
90% protein value. Again, according to species and method of removal, etc.,
it may contain significant amounts of the important natural pigment
astaxanthin . Thus, it has the potential of bei ng marketable both far 1 ts
protein content and its p1gment value. Even if it only sells in competition
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with 60% protein fish meal, the revenue producing potential is qu~te signi-
ficantt.

As it happens, the best way of protecting the natural pigment is to
achieve maximum protein removal mechanically rather than chemically. What-
ever residual protein still has to be removed chemically is so reduced in
quantity that you have the double benefit of 'lower alkali treatment costs
and less danger of possible chitin degradation.

In the ideal situation, the va'Iue of the protein alone shou'Id be such
as to pay for the original raw material plus the costs of its recovery .
This can be done in certai n situations, and it goes wi thout sayi ng that
such a factor affects the economics of chitin production so radically that.
utilization of some waste materials may be completely uneconomical wi thout
maximi z i ng protein recovery and sale .

The finaI factor which I maintain is significant to this discussion is
that of quality control. Enough variables are provided by nature in the
form of sheIl-moulting cycles, sex of the animal, size and age, Even the
particular portion of the anima I from whi ch the waste originated causes
the proportion of chitin to calcium and protein to vary quite widely even
if you are using raw material from a highly controlled source. If you
now add in the changes that can be wrought by different machines and pro-
duction methods on the part of the crab, shrimp or 'lobster processing
plant together with the effect of aging of the waste before you get it,
it is obvious that your raw material may not be of a very uniform quality,
Finally, the extraction of chitin and chitosan begins, and again a host
of variables are brought into play. The overall picture can be a quality-
control nightmare. Standards of purity and performance must be set which
are rigid enough to provide assurance to customers that speci fic qualities
are present while also realistic enough to make it possible for chitin
producers to deliver their product at a price which makes it worth their
whi 1e . There needs to be better understanding on the part of al'I con-
cerned in this regard, and whatever is resolved may be the most signifi-
cant of all factors concerned with the economics of eh~ tin production
and recovery.

App'lying these generalities to a potential chitin location in the
lower Chesapeake Bay area. 6,000 tons a year of blue-crab waste is al-
ready being processed into meal. Nearby there is sufficient additional
waste available to provide an overall initial capability of l,003,000
pounds of chi tin a year. We estimate a per ton price of between $30 and
$40 del ivered to a chi ti n plant in the southeastern Virginia area, and
we know that there is enough additional raw material in the total Chesa-
peake Bay/North Carolina area which can be obtained at reasonable prices
to permit future expansion to about 2,000,000 pounds of chitin.

Our research indicates that a mi nimum of 95 pounds of dry chiti n is
readily attainable per ton of incoming 60' moisture raw material. In the
pilot plant we were able to extract mechanically approximately 300 pounds
of dry protein per incomi ng ton of wet was te . This protein was dried in
tests by various dryer manufacturers, and it appears to have its maximum
value when drum dried as 60% protein flake,

So far, what all this means is that from an economic point of view one
would be looking at a raw material cost of between 31-'I/Z cents and 4Z
cents per pound of chitin, but could recover 3.15 pounds of protein
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mechanically for every pound of chitin extracted. If' you assume even a
low value of 15 cents a pound for this by-product protein with some
astaxanthin in it, it can yield 47 cents in revenue. However, there is a
tremendous amount of calcium material in what is now left of the original
blue-crab waste - namely the shell residual. We find that one needs about
g po~nds of 31.45K hydrochloric acid per pound of chitin for demineraliza-
tion. At a bulk delivered price for HC1 of 2 cents/pound and assuming no
recovery or re-use of the fluid, acid costs would be at their maximum of
18 cents per pound of chitin.

We further find that turning this demineralized shell into chitin by
alkali deproteinization requires close to 1,5 pounds of 50K sodium hydrox-
ide per pound ot chitin produced. If we again assumed no recovery of
solution and a delivered price in bulk of 7 cents/pound, this would amount
to a maximum of 10.5 cents per pound of chitin produced; however, this is
just for the chemical needed in the process. If you stop at chitin instead
of producing chitosan, raw material and chemical costs would be a maximum
of 70.5 cents; however, if you recover the protein from just the mechanical
extraction step, it can produce a protein credit of 47.25 cents per pound
of chitin. Therefore, a more accurate cost estimate for the chitin would
be 23,25 cents per pound. However, don't forget that I am making no allow-
ance for value of any additional chemically extracted protein or possib'le
by-product revenue from the calcium fraction. Nor have I considered the
costs of utilities, 1abot, supervision, overhead and depreciation. Another
omission is the factor of whatever savings could be realized by recovery
and recycling of acid and alkali.

If one's ultimate goal is the production ot chitosan, we find that by
using the method which gives greatest control of solution viscosity, we
need a maximum of an additional 5.75 pounds of 50% sodium hydroxide per
pound of chitosan produced. In actual fact, we start with considerably
more t,han this quantity - so much more that it is impossible not to con-
sider recovery, and we have found that 85K recovery is feasible . This 85'S
is simply drained off the wet chitosan before it is washed to neutral. If
we assume the same bulk delivered price of 7 cents per pound of 59% sodium
hydroxide, deacetylation chemical costs would be a maximum of 40 cents.
However, the raw material and chemical costs of producing the chitin were
70.5 cents, and allowing for a 25'7 loss in conversion to chitosan, one
would need 1, 33 pounds of chi tin for every pound of chi tosan . This amounts
to 93.75 cents of chitin raw material and chemicals before one adds the
40,25 cents of maximum deacetylation cost. Obviously, one now has a
figure of $1.34 from which one can subtract the protein credit of 47.25
cents mentioned earlier . The chi tosan cost would be now 86 .75 cents per
pound before adjus tment for the costs of utilities, labor, supervision,
overhead and depreciation. In this example I am making no allowance for
the value of sodium acetate, if indeed it is even worth recovering. I have
not reduced the cast of deprotei nizi ng the chiti n raw material by using
some of the chitosan wash fluid which would obviously contain a consider-
able amount of sodium hydroxide. In full-scale plant product,ion there
would be other cost-saving procedures which might reduce these figures
somewhat, and there may be other by-products which could produce incidental
revenue. My reason for staying away from estimates of utilities, overhead,
supervision, labor and depreciation is that these vary so much from plant
to plant and country to country . In most cases I wou'Id suspect that indus-
trialists have their own rule-of-thumb multiplier which they would prefer
to apply anyway.
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From the data I have presented I suggest that a plant capable of an
initial production of 1,000,000 pounds of chitin a year � or its equivalent
of 750,000 pounds of chitosan - if using blue-crab waste as its raw mater-
ial, and if it merely recovers the so-cal led adventitious protein, should
be able to do so at a cost of less than $1.00 per pound for the cnitin
and $2.00 per pound for the chitosan.

I-low far production costs can be reduced below $1.00 per pound for chitin
and $2.00 per pound for chitosan depends upon some of the five factors I
have covered. IIow high above these figures the market price will be de-
pends upon the remaining factors. Provided that all are considered and
found present in your equation, the economic picture looks very favorable .
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TABLE I

PRINCIPAL FACTORS INVOLVED IN CONSIDERING THE ECONOMICS
OF CHITIN RECOVERY AND PRODUCTION

 I! Low-cost initial supply of crustacea waste with
the capability for expansion without causing
inflated raw-materi al values

�! Better understanding by all concerned of any
unique properties that already exist in, or
can be introduced to, this natural polymer

�! Production methods which protect high-value
market properties

�! Capability of defraying significant portion of
production costs by recovery and sale of
by-products, especially protein

�! Duality control sufficient to guaran tee minimum
standardized product performance



TABLE II

SOUTHEASTERN VIRGINIA CHITIN PLANT UTILIZING BLUE-CRAB
RAW MATERIAL

Cast er Pound of Chitin

Raw Material Delivered
60% moisture, 95 pounds of
dry chitin per input ton.
$30 - $40 per ton. 31 5 to 42

Acid f' or Deminerali zation
31.45t HCl by weight.
2 cents/pound deli vered.
Requires maximum of 9 pounds

Al kal i for Deproteini za ti on
50% NaOH 7 cents/pound
delivered.
Requires 1.5 pounds maximum

Sub-total Maximum

10.5

70.5

Protein available by mechanical
extraction

300 pounds/input ton of raw material
or

3.15 pounds/pound of chi tin extracted.
Assumed sales price = 15 cents/pound

Protein Credit 47,25

Unadjusted cost per pound of chitin 23,25

Note:

No allowance for additional chemically extracted protein
or possible calcium by-product. Assumes no recovery and
recycl ing of aci d or alkali� . No costing for utilities,
labor, supervision, overhead or depreciation.
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TABLE III

SOUTHEASTERN VIRGINIA CHITOSAN PLANT UTIL IZING BLUE-CRAB
RAW MATERIAL

~Cast e S 4 of Chft n

Transfer cost to chi tasan
assuming 75% yield of chi tosan
from chitin.

Raw Material + Acid for
Oemineralization + Alkali for
Oeproteinization Costs from
Sub- total on Illus trati on II =
70.5 cents X 1.333 93. 75

Alkali for Deacetylation
50% NaOH 7 cents/pound delivered
5.75 pounds maximum consumed
per pound of chitasan produced 40,25

Sub-total Maximum 134.00

Protein Credit  from Illustration II! 47.25

Unadjusted cost per pound of Chitosan 86.75 <

Note:

Na costing for utilities. labor, supervision, overhead or
depreciation,

No allowance for additional chemically extracted protein,
or any other possible by-products. Assumes na recovery
or recycling of acid or alkali in chitin production, or
possible re-use in deproteinization of chitosan wash fluid.
Allowance is made, however, for 85K NaOH recovery by
drainina chitosan after deacetylation and before washing.
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ANTARCTIC KRILL  EUPHAUSIA SUPERBA! AS A SOURCE OF
CHITIN AND CHITOSAN

C,G. Anderson, H. de Pablo and C, R. Rorno

Institute of Nutrition and Food Technology
University of Chile, Casilla 15138

Santiago-ll-Chile

ABSTRACT

Reemral of the eaibl ~ tail of A ta cti k ill  ~E ~ ha sia ~se bai by
mechanica'I peeling followed by alkaline extract~on of the non-tail material
result~ in the production of 14.9% processing waste. The waste material
contains 24% chitin, compared to 3.2% chitin in whole kril 1.

Optimum conditions for deproteinization and demineral ization of the
processing waste to produce chitin were determined. The deproteinization
conditions involved extraction of the waste with 3.5% NaOH solution at 90-95' C
for 2 hours at a solids-to-solvent ratio of 1:10, while demineralization was
accomplished by extracting the deproteinized waste with 0.6 N HC1 at room
temperature for 2 hours at a solids-to-solvent ratio of 1;22. An overal I
recovery of approximately 89% of the chitin present in whole kril I was
obtained, which was determined to be roughly 92-95% pure. Kril1 chitin
proved to be 2.6 times more porous than crab chitin, The chitin product
was highly colored by the presence of small amounts of carotenoid pigments,
tentatively identified as astaxanthin, astacin, a series of fatty acid esters
of astaxanthin and a protein-bound carotenoid which was not characterized.

Kr il 1 chitosan prepared by the method of Broussignac was tan
colored and obtained in 90'% yield, while crab chitosan was white and obtained
in only 60% yield. Kr ill chitosan was determined to be 2.3 times more
porous than crab chitosan. Chitosan from kr ill contained an average of 7.9%
nitrogen and showed an average viscosity as a 1% solution in 5% acetic acid
of 60 cps, while the respective values for crab chitosan were determined
to be 7.8% nitrogen and 67 cps,

INTROOUCT I ON

~Ehaus'a ~serb EE. ~su e ba! is a specie of k 111 closely esembli g
shrimp, but considerably sma I ler, that is indigenous to the Antarctic
Ocean. The Antarctic krill has an average length of four to six centimeters
and an average weight of 0.7 to 1.2 grams. Since the demise of whales which
feed on krill, this crustacean has experienced a population boom. Conservative
estimates suggest that as much as 500 million metric tons ot krill,
representing approximately 17% of an estimated 3 bi'Il ion tons that inhabit
the Antarctic waters, could be harvested annually without disturbing the
stable population. This figure is astonishing when one considers that the
world's annual production of conventional fisheries is in the neighborhood
of 80 million metric tons.
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For the past few years the Fisheries Development Institute in Chile
has been studying the Antarctic krill and developing technology for its
procurement, processing and utilization as a foodstuff suitable for human
consumption. Recently the institute initiated a pilot-plant-scale operation
capable of processing whole krill by mechanically removing the edible tails
and extracting a majority of the protein, which is easily recovered, from
the non-tail material remaining �!. This process, however, results in
the production of roughly l5X waste material based on whole krill, and
should the fishing industry in Chile develop a full-scale kriII program,
which it fully intends to do, the amount of waste materia'I generated from
processing would be considerable and could present potential disposal and
pollution problems. Developing practical uses for the processing waste is,
therefore, important in advancing the practical utilize tion of krill,

With the interest generated in recent years concerning the use of
crustacean wastes as a raw material for chitin production, and since krill
processing waste was determined to be composed of about 24K chitin compared
to 3.2: in whole krill, the institute, in conjunction with the University
of Chile, has undertaken a research program directed toward an evaluation
of the kri 1 1 process i ng waste as a source of chitin and chi tosan.

The initial experiments described in this paper deal with the
development of laboratory-scale procedures for treatment of the waste
that require a minimum investment in time and chemicals and utilize the
mildest conditions possible to produce a chitin of reproducible composition.
The general properties of krill chitin and commercial crab chitin were
determined and compared.

Kril'I processing waste, when treated using the optimum conditions
established in our initial experiments, unfortunately yields a high'ly
colored product. In fact, no conditions could be found employing only
acid and base treatments at reasonable concentrations that would remove
the color, unless the eyes of the krill were first removed, which proved
impractical. Consequently, additional studies were conducted to determine
the nature of the colored substances.

A final study discussed here compares several properties of krill
and commercia'I crab chitosan prepared by the method of Broussignac  I! in
terms of color, nitrogen content, infrared spectrum, yield, density and bulk
density, as well as the viscosities of 1% so Iutions of the chi tosans in
5Y, acetic acid.

EXPER INEIITAL

Whole krill, processing waste, intermediate products of processing,
and chitin were all analyzed for lipids, ash, moisture and crude fiber
according to standard methods of the AOAC. The crude-fiber content of all
products was used as an estimate of chitin content with the true value
possibly being greater by a few percent of the determined value. A standard
macro-Kjeidahl procedure was used to determine the nitrogen content of all
samples described above in addi tion to chitosan samples, In the case of
chitin samples the value obtained for nitrogen was also used as an estimate
of chitin purity.
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Approximate densities of chitin samples were determined on 2 g of sample,
using a solvent displacement method util~zing toluene. Estimated values for
the bu'Ik densities of chitin and chi tosan powders from both kri11 and crab
were determined by grinding samples of the above under the same conditions to
pass through 100 mesh and placing exactly 1. 00 g in a tapered, graduated 10
ml centrifuge tube. The volume occupied by the powders was then measured
after vibrating for exactly 1 minute.

Viscosities of 1:! solutions of chitosan in 5" acetic acid were
determined using a Brookfield LV-5eries Viscometer and infrared spectra
of both chitin and chi tosan samples determined as KBr pellets us ing a Lei tz
G III instrument. Results of all analyses are reported on a dry basis,
unless otherwise specified.

Isolation of kri'll chitin

~E. o eh ght drl ~ 9 the o the of J ly dog t.1979. ee
stored at - 56' C until processed. The krill processing waste was obtained
by first removing the tails of a large batch of whole krill by mechanical
peeling and then extracting the separated, non- tail material after grinding
in a colloidal mill, at pH 10.5 with sodium hydroxide solution to remove
protein according to a procedure developed in our laboratory �!. The
processing waste was separated from the protein solution by continuous
centrifugation, and excess moisture was removed from the waste by pressing.
A proximate analysis was then performed,

Krill chitin was obtained by deproteinizing the processing waste
with dilute sodi um hydroxide solution followed by demi nera li zati on
with dilute hydrochloric acid solution in a manner similar to other methods
reported in the past � ! . Optimum conditions for puri fi ca ti on were
established which utilized a minimum of reagents and reaction times and
relatively mild conditions. A series of experiments were conducted in
which the purification parameters were varied and the nitrogen, ash, fiber
and lipid contents analyzed in the resulting chi tins. The conditions
gave the best value for nitrogen content, highest value for crude fiber
and the lowest values for lipid and ash content were considered optimum.

Conditions established to be optimum for deproteinization involved
adding enough water and solid sodium hydroxide to the wet processing
waste to bring the sodium hydroxide concentra tion to 3.5% and the
solids-to-solvent ratio to 1:10 and heating for 2 hours at 90 � 95' C
with stirring. After deprotei nization, the reaction mixture was cooled
and filtered through nylon mesh  pore diameter 73um ! and washed to
neutrality with a large volume of water. Fifty percent of this material
was freed of excess moisture and stored at -56' C for future use.

Optimum deminera li zation was conducted by stirring the remaining
50~ of the residue from above, also freed of excess moisture by pressing,
for 2 hou rs at room tempera ture wi th enough added 1 N hydrochloric acid
solution to attain a final concentration of 0.6 N and a solids-to-solvent
ratio of 1;22. Following demineralization, the product was filtered with
the aid of the nylon mesh, washed to neutrality with water, pressed free
of excess moisture and 50% of this product stored at -56' C for future use.
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The remainder was air dried far 48 hours and ground ta pass 60 mesh, y1elding a
highly colored chitin. The chitin was subjected to ana!ysis according to
previously discussed procedures.

~pre aration of chitosans

Eight. grams each of all chitin samples  ground ta 60 mesh! were treated
with 53. 5 g of KOI-I dissolved in a solution composed of 48, 5 m1 ot 957, ethanol
and 34.5 ml of ethyIene g'lycol at reflux temperature for precisely 20 hours
�!. The hot mixture was diluted by the addi tion of 200 ml of water and the
chitosan isolated by suction fi"Itration followed by washing with water to
neutra11ty. Air drying fol'!awed by pulverizing to pass 60 mesh yie'lded the
final product. Triplicate samples of both kr111 chitin and commercial crab
chit1n  Sigma Chem1cal Company! were so canverted in order to ascertain the
amount of variation to be expected in the yield and nitrogen content of the
chitosan samples. The samples were analyzed by procedures described earlier.

Character ization of kri 1 1 i ments

A sample af the dried, colored chitin was exhaustively extracted with
acid-free chloroform followed by ethyl ether and finally absolute a'lcohol.
The chitin remained highly colored, and the only lipid soluble pigments
present in the sample were extracted by the chloroform, Concentration
of the chloroform extract in vacua followed by three multiple e!utions
on th1n layers of Silica Gel G. using 0.3% ethyl ether in hexane resulted
in the tentative identification of astaxanthin  in almost undetectable
quantity!, astacin and presumably a series of unident1fied fatty acid
esters of astaxanthin.

The exhaustively extracted colored sample of chitin was then incubated
with an excess of NOVA bacterial proteinase for 120 hours at pH 6.5 and a
temperature of 55' C. A control experiment was also conducted under the
same conditions, but without the enzyme present. Extraction of the
enzyme-treated mixture w1th chloraforiri resulted 1n the removal af a
considerable amount of color. The chloroform-soluble pigment could not
be characterized, but was similar i' its chromatographic properties to
as taci n. In the control experiment no chlorafarrrr-soluble pigment was
extracted.

RESULTS AND DISCUSS ION

A proxima te analysis of whole krili  E. ~su erba! and the prcessi ng
waste obtained after mechanical peeling and protei n extraction of the
non-tail material is shown in Table 1,

It must be pointed aut that the values in this table are subject to
seasonal variation �!; they also vary somewhat from batch to batch, with
the lipid content e~hibiting the greatest batch variation. The protein
content was calculated by correcting the nitrogen value for chitin
nitrogen and mult1plying by 6.25.



Table 1. A Comparison of Proximate Values
for Whole Kri ll and Processing Waste

Sample N K! Chitin C!* Lipids C! Ash %! Protein ~!

Whole
krill 12.56 3.2

Processing
waste 8.63 24.0

1.5 7616.5

11.6 23.0 41

Oetermined as crude f1ber

The entire processing scheme for the production of krill chitin
starting from whale krill is outlined in Figure 1. This scheme presents
a summary af the conditions employed and gives the yields of each individual
step of the process. The values far the yields are the average obtained
for three separate runs on the same batch of whole krill.

The f1rst two steps of the process produce 14.9Ã processing waste.
Deproteiniza tion removes 53. 2% of the total weight of the processing waste
as protein and li pi ds . A large parti on of the protein material, i ncidently,
can be recovered by isoelectric precipitation; the food value of the
recovered protein, however, remains to be determined. In addition, dur1ng
the deproteinization step a considerable quantity of ammon1a 1s evolved
which can be quantitatively recovered by adsorpti on into acid. Of the
46.8% deproteinized material remaining, demineralizatian yields 50,7~
chitin and 49.3% minerals plus a small amount of protein and degraded
protein material.

When the yield of chitin is calculated based upon whole kril'l, taking
into cons1deratian the purity of the final product  discussed below!, a value
of 2.8X is obtained  compared to 3.2X theoretical!, resulting in an overall
recovery of 89%. Based upon processing waste as starting material, a
recovery of 93K is realized. These values represent maximum values as
shown in Table 2,

An analysis of the three chitins obtained from the individual runs in
addition to recovery values is shown in Table 2. If the chitin content
in Table 2 is calculated based on a value of 6.89% nitrogen for pure
chitin  a simplified assumption!, the average ch i tin content of the samples
is calculated to be 94.7%. If the calculation relies upon the data from
crude-fiber analysis, the average purity is calculated to be 925, The
true value presumably lies somewhere in this region,

Table 1 demonstrates that the per cent chi ti n in whole kri 1 1 1s low,
representing only 3,2X of the dry weight of the animal. On the ather hand,
approximately one-fourth the weight of the processing waste is composed of
chitin, and since this waste 1s obtained as a by-product of prote1n production
employing simple, rapid and cheap methodologies, the prospects of using it
as a source of chitin appear excellent.
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Table 2. Comparison of Analytical Data Obtained for Chitins
Produced in Three Separate Runs of the Same Batch

of Whol e Kr i 1 1

Sample N C! Chitin %!* Chitin %%d!** Lipids '! Ash '~! Recovery X!***

92 48 04 93

5,5 0.5 93

5.4 0.3 93

5.l 0.4 93

1 6.58

2 6,50

3 6.51

Mean 6,53

95. 5

94.3

94, 5

94.7

94

90

92

*Based on a value of 6.89" nitrogen for pure chitin
Based on crude-fiber analysis

**Based on processing waste; maximum values calculated using the numbers
in column three.

The major bands occurring in the infrared spectra of kri'll chitin,
commercia'1 crab chitin  Sigma Chemical Company! and those reported in the
literature by Falk et al. �! are identical except that the bands occurring
in the spectrum of kril 1 chi tin are better resolved than the bands occurring
i n the spectrum of the commercial chitin . This is presumably due to the
presence of contaminating protein in the commercial sample, since it was
shown to contain more nitrogen than the theoretical value for pure chi tin
�.18%%d compared to 6.89%%d theoretical! and the fact that the commercial
sample possessed about six times the ash content of krill chitin. No
conclusion concerning the resolution of Falk's spectrum in romparison to
ours can be drawn, since he utilized an instrumen t of lower resolution than
we did to obtain his spectrum,

Aside from color, the sole distinguishing feature between krill and crab
chitin that we have discovered to date is the difference in the values for
their bulk densities, Krill chitin demonstrates a bulk density �00 mesh
powder! of 0,11 g ml-l, while commercial chitin of the same particle
diameter gives a value of 0.29 g ml l. Thus, krill chitin occupies 2,6
times more volume than the same weight of crab chitin with the same average
particle diameter, while thy densi ties of the two are approximately the
same and equa'I to 1.4 g ml '. The overall structure of krill chitin must
certainly be much more porous than that of crab chitin, judging from these
values,

The dr~ed, ground, extreme'ly pink-colored kri ll chitin is similar in many
respects to ground commercial crab chitin obtained fram Sigma Chemical Company.
Cormercial chitin, which is an offwhite color, however, was determined to
contain 7,18X nitrogen in comparison to an average of 6.53K nitrogen in
krill chitin, while the ash content was found to be 2.3X, and the lipid
content negligible.
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In the case of the chitosans produced from krill and crab chitins
under identical conditions by Broussignac 's method �!, a simi! ar situ~tion
exists. That is, krill chitosan exhibits a bulk density af 0.18 g mi
compared ta 0.42 g ml 1 for crab chitosan, while their densities are
approximately equal, demonstrating that the farmer occupies 2,3 times the
volume of the same weight of the latter.

Absolutely no differences exist, however, in the infra-red spectra
of the two chitasans, and they are identical, within the limits af
experimental error, ta a spectrum obtained by Huzzarelii �! of crab
chitosan.

Table 3 shows the nitrogen-content yields corrected for degree of
deacetylation, viscosities af 1% solutions in 5f, acetic acid, and colors
for triplicate samples each of kri ll and crab chi tosans prepared by
Broussignac's method. The average content of the kri'll chitosan samples
is shown to be 7.885 nitrogen, while it is 7.805 for the crab chitosan
samples prepared under identical conditions, indicating a slightly greater
degree of deacetylatian in the former sample. This small difference might
be attributable to the difference in porosi ties between the krill and
crab products but at this stage of research this can only be conjecture.

A comparison of the average vi scositi es for kri I I and crab chi tosan
solutions in acetic acid in Table 3 shows that the values are similar,
but that the value for kri 11 chitosan is lower by 7 cps �7 cps for crab
chitosan co~pared to 60 cps for krill chitosan!. The difference in the
viscosities may or may not be significant. The lower viscosity for the
krill chitosan solution is, however, in accord with the higher nitrogen
content of the chitosan  I!.

Table 3, Comparison of Analytical Oata Obtained for Chitosans
 From triplicate conversions of 8 g each of krill and crab chitin samples!

Nitrogen�!* Yield ~!** Viscosity cps!*** ColorSamp le

Crab chitosan

Crab chitosan

Crab chitosan

whi te

whi te

whi te

60

64

Yean

Kri 11 chitosan

Krill chitosan

Krill chitosan

tan

tan

tan

 lean

*
Corrected for ash content

**Corrected for degree of deacetylation
***

lf solution in 5X acetic acid

7. 78

7,80

7.81

7.80

7.84

7.87

7.92

7.88

63

62

90

89

91

90

70

64

67

67

57

62

61

60
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Certainly the most striking feature of Table 3 is the large difference
between the mean yields of chitosan obtained from krill and from crab chitins.
Kri ll chi tosan is obtained in an average yield of 90%, while crab chi tosan
is produced in on1y 60% yield. At the present time the authors have no
explanation for this difference, One possible explanation is that the
process utilized by Sigma Chemical Company to prepare their chitin involves
a bleaching step, We have determined that in most cases chitin treated
with bleaching agents yields less chitosan than does chitin that is
untreated  unpublished results!.

A second major differ ence between the crab and kri 11 chi tosans shown
in Table 3 is that the krill chitosan is tan in color as compared to the
white crab chi tosan . It was suspected that the tan color in the kri 1 1
chi tosan was produced by the degradati on of pigments present in the kri 11
chitin during the deacetylation step. The s tructu res of some of the
kri I 1 chi tin pigments, therefore, were established using the methods
described earlier. Two types of pigme~t were found to be present. The
first type was shown to consi st of li pophy1 i c carotenoid pigments tentatively
i dentifi ed as astaxanthin, astaci n and a series of fatty acid esters of
astaxanthin shown below.

0

Astaxazithin, R = Qli

Astacizz, R = =0

Astaxanthin fatty acid eaters, R = R'OQQ

These pigments occur in quantities that are otherwise insignificant, but
that are sufficient to contribute a small amount of co1or to the chit. in.
The possibility was considered that the second type of pigment, which was
non-1ipophylic and the major pigment contaminating krill chitin, might be
a protein complex of astaxanthin, since it is one of the few carotenoid
pigments known to form organic solvent-insoluble protein complexes �!,
Our suspicions concerning the protein nature of the pigment were confirmed
when it was shown that the pigment was attacked by a proteolytic enzyme,
releasing a li pophylic carotenoi d whose identity remains undetermined,

The source of the protein-carotenoid comp1ex was shown to be the eyes
of the krill, since krill chitin manufactured from krill whose eyes had
been carefully removed by hand, was practically pure white, and the
chitosan produced from that material was pure white.
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CONCI.USIONS

It was demonstrated that the processing waste obtained from whole
Antarctic krill after tail removal by mechanical means and extraction of
protein from the non-tail material remaining, utilizing mild conditions,
contains significant quantities of chitin �4K!. Since this waste is obtained
as a by-product of protein production employing simple, rapid and cheap
methodologies, the prospects of using it as a source of chitin appear
excellent,

Chitin from the krill processing waste can be obtained in 93 -. yield
by a method discussed in this paper, and,except that it is highly colored
by carotenoid pigments and much more porous than commercially produced
crab chitin, 1t appears very simi'lar to the latter in its properties.

Chi tosan is obtai ned from kri 1 1 chi tin by the method of Broussi gnac
�! in excellent y1elds  90;.!, while commercially produced crab chitin is
converted to the extent of only 60I,'--a significant differ ence . Again,
w1th the exceptions noted of color and greater porosity, the two chitosans
appear similar in their properties.
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WHOLE I RILL

1! mechanically peel

2! separate

!
~WASTE i!SA!TA~ILS 1 ST,

1! grind in colloidal
mi 1 1

2! extraction with
NaOH solution

, 3! centrifuge

~PROTEIN AS.IR!PROCESSING WASTE 14.9~!

1! extraction with 3.5'
NaOH solution, 2 hr.,
9O-95' C, 10% ~uspen~ion

2! filter
3! wash

I
PROTEIN ANO SOME LIPIDS 53.2TP!

1! extraction with 0,6 N
HC1 solution, 2 hr.,

t., 11M suspension
2! filter
3! wash

I

MINERALS AND SMALL AMOUNT OF
PROTEIN NATERIA~LAS.SI;

Figure 1. Processing scheme for production of kril1 chitin. Yields in
parenthesis represent the average of three runs.
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A CRITICAL EVALUATION OF THE POTENTIAL SOURCES OF CHITIN AND CHITOSAN*

G. G. Allan, J. R. Fox and N. Kong

Department of Chemical Engineering and
College of Forest Resources AR-10

University of Washington
Seattle, Washington 98195

ABSTRACT

To provide a basi s for the expansion of the use of ch i tin and chi tosan,
a cri tica'I survey of possible sou rces was undertaken, Attention was
focused on chitin- and chitosan-yielding Crvstacea, Insecta, Mol'Ivsca
and Thallophyta, which cauld either be harvested from the natural
environment, artificially cultured or derived from existing waste
streams.

It i s concluded that i n the irmnedi ate future the principal source
of chitin and chi tosan wi'I l remain shrimp and crab waste . Cultured
fungi caoable of synthesizing chitin alone or in association with
chi tosan will probably assume the major supply role thereafter, although
the rearing of insects as a chitin source cannot be unequivocally ruled
ovt, In the longer term, Antarctic krill or Californian red crab may
become important supplemental chitin sources, but abundant clam and
oyster shells wi 11 probably never be processed for the polymer except as
part of an acid-absorption system, Squid and diatoms can only be
regarded as sources of small quantities of high-qva'll ty chitin .

INTRODUCTION

Chitin and chitosan prepared from crab and shrimp shells are now
commercial products both in the United States and overseas �9!. The
current marketing strategy for these marine polymers seems to be focused
on the development of high-profit-Iow-volume uses exemplified by
pharmaceuticals, glucosamine production, water-purification aids and
chromatographic media �3!. These markets can all support the current
relatively high cost of $4.40-11/kg  from Food, Chemical, and Research
I aboratories, Seattle! of the nitrogeneous polysaccharides. Moreover,
if this marketing philosophy is maintained, the present potential world
supp'Iy  Table 1! of chi tin from shellfish wastes will probably be adequate
for the foreseeable future. In this event, the continuing contribution
of the U.S. National Sea Grant Program in catalyzing the commercial
utilization of a fishery waste will have been noteworthy   5 ! . However,
these spinoff benefits to the nation of the Sea Grant Program could be
multiplied many times over if chitin and chitosan could be made available
at a cost that would facilitate penetration of large-volume markets.
Among the several possibilities in the areas of nonwovens �8'!, fibers
�7!, films �8!, textile sizes �7!, tobacco substitutes �! and
adhesives �9!, the greatest volume opportunity, perhaps, lies in the
utilization of chi tosan as a paper additive � !. In this application the

* Part 8 in the series Marine Polymers"  'I!
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cationicity of this chi tin derivative can improve both pulp drainage and
fiber retention during sheet formation as well as the printability and
wet and dry strengths of the finished paper �!. However, an optimistic
estimate of the potential worldwide chitin production capacity based on
shellfish wastes would amount to only 39,000 tons per year. In contrast,
the 1976 world production of newsprint alone was 27,610,000 tons, and
other types of paper made up an additional 47,613,000 tons �0!, more
than a thousand times this quantity . Clearly, considering paper alone,
there is a gross imbalance between the supply and demand for chitosan,
even at the 1X addition level, As a prelude to remedying this imbalance,
a critical survey of all possible sources of r hi tin and ch i tosan was
undertaken with a focus on representative chitinaceous organisms from
Crustacea, Insecta, hlollusca, or Thallophyta genera which either could
be derived from existing waste streams, harvested from the natural
environment or artificially cultured.

CRLISTACEA

Within this genera, because of their apparent abundance, shellfish
wastes have historically been the choice for commercial production of
chitin and chi tosarr. Typically, the total wastes generated by shellfish
processing fluctuate around 65 to 85 of the landed weight, depending
upon the species processed and whether hand or mechanical cleaning is
employed �7!, Of this tota'I waste only about 60X are recoverable solids.
Its precise composition again is dependent upon both the species processed
and the methods of manipulation, Representative analyses usually report
 Table 2! values for chitin �4-35X!, protein/fat �5-50%%d!, and ash
�5-50X! . Thus, a simplified general dry-we ight compos i tion for the
solid waste associated with shellfish processing can be reasonably taken
as chitin �5X!, protein/fat �5%%d!, ash �0X!, for the purposes of
estimating the total availability of chitin and chitosan from shellfish
wastes. However, it is practica'lly impossible, especially on a worldwide
basis, to determine the actual amount of shellfish processed in relation
to the quantity discarded at sea or sold whale after landing, For these
reasons, the conserva t ive estimate can be made that 50X of the shellfish
landings could be ava i 1 able for chitin or chitosan production. On this
basis, the present annual world shellfish-waste availability is about
468,000 tons.

With the ma i ntenance of current fishery practi ces, this qua nti ty cannot
be expected to increase significantly in the future. Indeed, world
production of seafood is forecast to increase only about 8X over the next
decade �! and could quite possibly decline in many locales �1!, For
example, member nations of the International Comrrission for the Northwest
Atlantic Fisheries have agreed to reduce the overall catch of a 11
marine oranisms by abou t 25X for a seven-year period in order to promote
the recovery of this fishing area, This reduction will amount to about
200,000 tons per year.

Nonetheless, although the fishery resource is not increasing, a
better utilization of what is harvested could augment the supply of chitin
and chi tosan. Specifically, it is co~mon practi ce to behead and devein
shrimp at sea and to dump the waste overboard . The material discharged



67

amounts to about 40' of the shrimp weight caught. In addition, the dis-
carded heads contain significantly more chitin than the beheaded body �!.
Thus, in the Gulf states of the United States alone, the collection of
this dumped material could effectively double the national supply of
chitin from shellfish waste.

Bn the other hand, the reliability of natural shellfish catches is
not great for a variety of reasons, and the noncontinuous fishing
seasons � months for king crab and 8 months for shrimp per year! are
not conducive to the maintenance of a steady supply of raw material for
chitin manufacture, Both of these factors are strong negatives from
the point of view of a chemical manufacturer, Aquaculture theoretically
could, of course, produce a nearly unlimited supply of shellfish, and hence
raw material, for chitin manufacture. Shrimp culture is already well
established in Japan and is under active investigation on the south-
eastern coast of the United States �4!, kowever, this production of
a luxury food item does not seem likely to provide important amounts of
chitin-yielding wastes in the near future. The situation with other
crustaceans such as crab and lobster is even less promising because
these will probably be sold in their entirety.

ZQOPLABKT0N

While the well-known shellfish do not offer any ipnnediate prospect
for increasing the supply of chitin, zooplankton may constitute a
viable alternative source. These oceanic organisms are lower on the
aquatic chain than shrimp, crab and lobster and are es timated to
account for the annual biosynthesis of more than one billion tons of
chitin �1!. Nonetheless, it is important to appreciate that in spite
of their ipmense number, the small size and low local concentration in the
oceans make it generally uneconomic to harvest zooplankton using
existing technology. This conclusion may not be valid for Antarctic
k iii  ~Eha i ~sb ! o d c ah  alee o des pauli es! hich.
during certain times in their ! ife cycles, congregate in huge fishable
local concentrations. Both of these organisms are of particular interest
as chitin raw material sources because of the compositional similarity
to the crustaceans shown in Table 2. Thus, it is estimated that the annual
sustainable harvest of Antarctic kr ill, a reddish shrimp-like creature
40 to 70 mm in length, could reach over 18 million tons in the vast region
of upwelling between the Antarctic and tropical oceanic currents called
the "Antarctic convergence" �3!. Both the Russians and the Japanese
have carried out a considerable amount of research on kril1 �! and have
begun comnpercial harvesting to a limited extent. The Japanese are
reported �4! to have collected over 4,000 tons per year between 1970 and
1974.

The primary step in the processing of the krill is to express
the body fluids to obtain the soluble proteins, which are subsequently
coagulated to a shrimp-like paste, The expr essed residue comprises
about 40% of the catch.
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Table 2. Characteristic Compositions of Chitinaceous Wastes

Dr -Wei ht Com osition
Inorganic Protein/Fats Chitin
 percent!  percent!  percent! References

Or igin
of Waste

�7!

�1!

�0!

�, 11, 30!

�2, 48, 16!

Shellfish 25-50 25-50 14-35

Krill 24 61

negligible

76-95

85-90 3-6Clams/Oysters

Squid

Fungi

negligible

negligible

1-2

25-50 10-25

�5, 46, 49,
52!

negligible 60-80 0-8Insects

Many of these difficulties are not so serious when the harvest of red
crab is considered. This particular zooplankton is small in size and
inhabi ts the temperate coastal waters of Chile, Mexico and Southern
California. Using conventional shrimp gear, Chile apparently landed
over 1 0,000 tons in 1964, but data on the current annual production are
not now being published �4 !. Longhur st, however, has estimated that
the annual red-c rab catch in Mexican and Southern Californian coastal
waters could be increased to as much as 27,300 tons. Using the assumption
that this material is 80 water and that the associated solid contains gl
chitin �7! the potential yield of chitin could be 490 tons per year.
This would certainly constitute a significant addition to the North
American ch i ti n supply . Of course, red crab can be eaten who/e �4! or
used in its entirety in commercial aquaculture as a fish-food supplement
for flesh pigmentation �7!, Under these circumstances, the waste
necessary for chitin and chitosan production is eliminated, Thus,
like krill, red crab cannot be confidently regarded as a viable chitin
source at this time.

Since the chitin content of the expressed residue is low in comparison
with crustacean wastes  Table 2! the amount of material handled per unit
of product chitin would be increased approximately fourfold. However ~
the total yie'Id of chitin could be as much as 56,000 tons. In spite of
the apparent attractiveness of the volume of this source, the considerable
practical difficulties associated with its collection should not be
underestimated. These include the extreme remoteness of the f'ishery,
adverse weather, and a short fishing season. It should also be emphasized
that the primary product from the harvest of krill will be protein, and
this must be saleab1e as such on the world market. For all of these
reasons, even though the supply of chitin from krill could be very large,
this source could not be seriously counted upon for at least several
years.
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More certain marine sources of chitin are provided by clam and oyster
shells, which contain significant quantities of the desired polymer .
On a worldwide basis the sea yielded an average of 1,390,000 tons of
unprocessed clams and oysters annually during the period 1970-I974
�4!. Since about 65K of the whole clam and 85' of the whole oyster
 8! consists of shell, these landings could in principle yield 1,043,000
tons of stable chitinaceous raw material.

While the presence of chitin in these shells is qualitatively welf
documented �4!, quantitative data on the amount present is notably
mi s si ng In the literature� . In the laboratory of the authors, local
clam and oyster shells were found to contain 6 and 46 of chitin and 90
and 856 of ash respectively �0!.

Certainly all clam and oyster shells could not be retrieved for
chitin processing, but currently about 190,000 tons are sold annually in
the IInited States alone at about lt/lb �0!. Current uses include
soil liming �4!, animal-feed additives �5! and road building �0!.
These application~ demonstrate the relative stability of this chitin
source, which could therefore serve to even out the fluctuations
associa ted with the harvest i ng of some of the other marine organisms� .
Clearly, however, these shells could not be directly substituted
for crustacean waste in a chemical plant, since the additional inorganic
material represents a formidable processing challenge. This d ifticul ty
has allegedly been overcome in Japan �2! by deca'Icifica tion of oyster
shells with acetic acid . The chitin is recovered by fi'Itrati on, and the
acetic acid is regenerated for recycling by treatment of the filtrate
with sulfur dioxide from waste-gas streams, The large quantities of
acids whi ch have to be handled per unit of weight of chi tin suggest that
this shell treatment process could only be economically attractive as an
adjunct to a management problem involving acidic pollutants. The total
annual potential availability of chitin from clam and oyster shells
might then total 22,000 tons,

ln contrast to the bivalve shells, which constitute the most
contaminated source of chi tin, the backbone or pen of squid is among
the purer forms� . This skeletal tissue accounts for about 1% of the whole
body weight in the case of squid and can relatively easily be separated
from the carcass. The pen on a dry basis contains about 40~ chitin �0!
which is free of calcium salts, The customary acid deminera li zati on step,
which can depolymeri ze chitin rapidly, can therefore be eliminated from
the isolation scheme.

At this time current world landings of squid are about 660,000
tons annua'lly. This would correspond only to a source of approximately
625 tons of chitin per year  Table 1!. Squid, however, is not
extensively consumed in Western countries, and the catch could be greatly
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increased if a gastronomic demand could be created �!. Thus, Voss
has estimated �3! that the continental-shelf regions of the world
could yield a catch of 7,4 million tons of squid per year. This, in
turn, would correspond to a source of about 7,000 tons of chitin.
In add i ti on, the es timated potential for oceanic squ id landings,
based on sperm-whale populations, range from 90 to 450 million tons.
These huge quantities of squid would assuredly provide a substantial
contri bu tion to the supply of chitin, but, as in the kri 1 1 si tuation,
the primary product of this fishery would be protein, which again must
be saleable in its own right.

INSECTA

Another potentially large source of chitin wi th associated pr otein
is provided by insects, since most have a chitinaceous exoskeleton
 Table 3!. This is advantageously free of calcium carbonate, which
means that the isolation of insect chitin appears only to involve
simple alkaline extractions for protein removal �2!. However, very
few species of insects car ry more than 10% of their weight in chitin,
Noreover, even including the corrmercia11y grown silkworm, ~Bomb x
mori �5!, no significant quantities of insect wastes are available.
Nonetheless, the mass rearing of insects has been tried in several cases,

Table 3, Whole Body Composition of Some Common Insects �8!

Composition of Body Solids
Cuticle Chi tin

 percent!  percent!
Body Solids
 percent!Insect Species

Blatta orientalis 15. 524.8
F'lour beetle

Tribolium confusum 11.7 2.755. 5
 Y 11o meal r

Phormia r~eina
~BI owf ly!

Tenebrio molitor

13. 321. 3 6.5

7.034.2
Wax moth

For example, the production of fly larvae for animal feed was studied by the
U.S. Dept. of Agricu'iture  USDA! using animal manure as the growth medium
�8!. It was found that the manure from a chicken ranch with 'IQ0,000
birds could support the daily production of 250-500 kg of fly larvae,
Even so, the concept had to be abandoned because of the low yields and
high production costs. Economical mass insect raising is, however, sti11
continui ng in the screwfl y sterilization programs, also under the aegi s
of the USDA. In this endeavor more than 12 tons of flies are grown weekly
at a single location, using manure and sawdust as the support media �9!,
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Of course, in this situation, it must be remembered, the flies are being
produced as a high-value biological control device. Oespite the
existence of these examples, proposals to rear cockroaches �9! or water
beetles on sewage lagoon algae  9! as a source of chitin always seem to
engender flippant responses. Setting aside witticisms, the main drawbacks
to culturing insects seem to be primarily psychologica'I, coupled with
a hand ling problem, The trapping of natural concentrations of inserts,
such as locusts, as a source of chitin is considered by the authors
to be impractical, Even though locust swarms may contain as many as
400 bi'llion individual insects �9!, their frequency of occurrence and
location would necessitate a collection and transportation system of
extreme size and complexity, not to mention the decay problem
associated wi th the protei n content of the dead insects.

TNALLOPHYTA

Marine diatoms

The constant intrusion of the question of massive protein market-
ability into chitin manufacture can be minimi zed to some extent by
los'ing on t o a i e diato s, C~ctot lla ~ctl ~ d ih 1 ~ ssiosi
fluviatilis, The extracellular fibers of these organisms constitute the
only recognized source of pure, unassociated chitin found in nature �2!,
The fibers make up IO to 155 of the dry weight of the diatoms and can
be mechanically separated from the parent cells in 80% or greater yield
by sequential application of a shear force, differential centri fugati on
and ultrafiltration  Table 4!. These facts suggested that in artificial
monocu 1 tur e these ma rine d i atoms could possibly be a source of very pure
chiti ~, Unio t ~ nately, in both b tch d ti ~ lt e, ~C. cr tice
proved to be relatively slow growing and produced low-density cultures
even though the growth was more abundant than that observed with
T. fluviatilis. Thus, the maximum cell concentration reached in the

ti ~ lt O ip ent 1th C. ~ct ties as app oxinately gip g/lit
This quantity of ce'Ils would yield only 20 mg/liter of chitin: that is,
50,000 liters of culture would have to be processed to isolate 1000 g of
algal chitin, Moreover, the prospects of increasing this yield
significantly are dim because the cell concentration values fall within
the range normally observed in many other autotrophic mass algal culture
experiments. Therefore, barring a major engineering brea kthr ough in
algae culture, algae can only be considered as a viable source of chitin
in high-profit, low-volume situations where a hi gh-quality pr oduct is
mandatory.

Chitinaceous filametous fun i

The apparent limitations of controlled culture largely disappear
when the organism to be grown is a fungus rather than an alga. That
such culture is practical is attested to by the large-volume
commercial production of citric acid and of antibiotics. The
estimated volume of waste mycelia annual'ly generated in the world is now
about 790,000 tons.
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1 ble 4. Co pa 1 on of Batch C 1 to of ~clotert ~cr ti aa

and Thalassiosira fluviatilis

Thalassiosira~Ccr t 11
fluv iati1 is~cti ca

143 mg/1

10.8X
160 mg/1

15. 2'b

13. 0<

85,5C

20.8 mg/1

Yield of diatoms

Chitin content of diatoms
10. OXFiber yield from diatoms

Fiber collection efficiency

Chitin yield from culture

92. 5%

14.3 mg/1

a Aerated and grown for nine days.

ThiS COnstant flow Of waste COntainS about 15-30b  Table 2! by weight
of chitin, with the precise level being dependent upon the fungal species
as well as culture age and growth conditions, Processing waste mycelia for
fungal chitin does not pose any unique difficulties, a'l though it has
been reported that the chitin is chemically bonded to an alkali-resistant
glucan, possibly crosslinked or branched  9!. The conventional isolation
procedures would, therefore, yield a mixture of the chitin plus glucan.
For many of the possible applications of chitin such a mixture could be
perfectly usable. In limited testing, for example, fungal chitosan from
A~e 111 s ~ni e pe fo d co p ~ bly t rab-d ri ed hitos s 4
strength additive for paper made from an unbeaten sulfite pulp �0!.

Furthermore, it is not a sine qua non that fungal chitin be
produced only as a fortuitous by-product of the manufacture of some exotic
mold metabo'Iite. Filamentous fungi could be grown directly on any Of a
number of substrates. In Finland, the sugars in pulp-mill spent sulfite
'liquors are already being uti l ized to generate a fibrous fungal animal
feed �5!. This type of operation could afford api optimized reliable
source of chitin which would be largely free of the troublesome ties to
large-scale protein marketing.

Chitosanaceous f~un i

Although the production of chitin from fungi has many attractive
features for many applications, it is probably really deacetylated chitin
that offers the greatest polymer marketing opportuni ty � !. This
deacetylation reaction, which converts chitin to chitosan, is difficult
and costly to carry out from a chemical engineering standpoint, since it
involves the use of concentrated alkali at an elevated temperature for
extended periods of time. Clearly, the avoidance of this deacetylation
step would be desirable and could lead to a lower cost chitosan able to
penetrate more mar kets, This goal may be directly attainable by the
culture of fungi that yield chitosan.  !uite a variety of such chi tosanaceous
organisms are members of the order Hucor ales, many of whi ch are common
saprophytic soil fungi  Table 5!. The chitosan is located within the cell
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wall of the organisms, where it apparently acts as an acid-extractable
�2! interchitin fiber cement replacing the polymeric glucans found in
other fungal orders. Thus these fungi can act as a source of both chitin
and chitosan. Among the several candidates for detailed investigation,
M oor rouaff a d ~oo ~ o blakeole b e been fou d  Table b  to
contain significant quantities of chitosan, and, as such, constitute
an attractive direct source of chitin's most important derivative.

CONCLUSIONS

This evaluation of new potential sources of chitin and chi tosan
discloses that, while there are two promising prospects in nature for
the large-scale supply of chi tin represented by Californian red crab
and Antarctic kri 1 1, these will not likely be brought to reality wi thin
the next decade. In contrast, the processing of clam or oyster shells
for their chitin content wil'l probably never be implemented because
of the cost of demineralization. Squid, likewise, will not become a
major source of chitin until the eating habits of the Western world
change substantially. Insect-based factories for chitin manufacture
are also only likely to be given adequate consideration when the humor
value of such proposals has become passe. On the other hand, a technical
engineering breakthrough will be needed before the culture of chi tin-
yielding diatoms can go forward on a substantial scale. This is not
the case for the culture of fungi, where the knowledge and technology
needed to move speedily ahead to produce ei ther chitin or chi tosan
are already available.
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TIIE PROOOCTION OF CIIITIN ANO CIIITOSAN

Edwin Lee Johnson and Quintin p, peniston

Kypro Company
4900 Ninth Avenue Northwest
Seattle, Washington 98107

ABSTRACT

Factors of economic and functional importanre in the location, design
and oper ati on ot a manufacturi ng facility to produce chi tin, chi tosan, prote in
and possibly other products from crustacean waste are discussed. These
include problems of shell supply, chemical and energy requirements, elements
of manUfacturing cost, alternatives of plant design as a function of plant
size and differing physical characteristics of shells from various crustacean
species, quality-control requ irements, disposal of plant effluents,
possibilities for by-product recovery and estimates of required plant
investment.

From the above considerations, and possible price ranges for
products derived from market evaluation studes, estimates of possible
profitability of a chitosan enterprise are proJected.

INTROOUCTION

In the past ten years there has been a revival of interest in the possi bi 1 i-
ties of producing chitin and its derivatives as new materials for use in chemical
and allied industries,  I!. This new interest has been generated and stimulated
by technological developments in several fields. One of the most important of
these is the marked expansion of the shellfish industry in the last 20 years
making supplies of raw material  crustacean shell! available in concentrated
areas and in much larger quantities than formerly. This is a direct resu'It of
the phenomena'I growth of the frozen-food industry and our food-distribution
system. In the 1940s and bet'ore, she'Ilfish production was generally a small
local enterprise with markets, mostly for fresh products lying within a small
radius, Now shellfish is processed i n large centers, each wi th a production
in the order of several million pounds pet year. Markets t' or frozen and
canned products are located around the wor'id. Frozen shrimp constitute the
largest volume of frozen food ma rketed today,

This expansion and centralization of the shellfish industry has made
raw material for chitin-chitosan enterprises available in much larger
quancities and with less seasona I fluctuation in supply than in previous
years, because different shellfish species have overlapping production
seasons in different production areas, There are still, however, problems
in ensuring an adequate supply of raw material of suitable quality to support
a chitin-chitosan facility on a steady year-round basis. These ptoblems
concern the preservation, transportation, storage and quality control of
the taw material,
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Another factor that has promoted interest in chitin and its derivatives
is the large and diversified volume of basic and applied chitin-related
research which has been conducted in universities and private industries
in recent years. To mention a few developments;

1. Work at the University of Washington, in the College of Forest
Resources, in uses for chitosan in the pulp and paper industry,

2, Studies at the University of Georgia by Dr. Wayne Bough on the
recovery of protei ns from food-processing wastes by floccu lation wi th
chitosan and the use of the recovered products as animal feed.

3. Studies at Rutgers University by Dr. Eveleigh on the occurrence
of chi tin and chi tosan in fungi, the production of chi tinase and
chi tosanase, and the use of chitin as a substrate for the growth of
microorganisms,

4. Studies at the University of Delaware by Dr. Paul R. Austin
and associates on solvents for chitin and the production of fibers and
films.

5. Work by Professor R. A. A, Iiuzzarelli at the University of Ancona
on the chelating properties of chitosan and its potentiaI use for the
removal of heavy metals from industria'I wastes.

6. Work by the Food, Chemical and Research Laboratories and
the Kypr o Company of Seattle, Washington, on the use of chi tosan as a
flucculant and flocculant aid.

I4uch of the above activity has been stimulated and sponsored by the
Sea Grant Program of the National Oceanic and Atmospheric Administration,
U .S. Department of Commerce.

BASIC ECONOI4ICS OF CHITIN-CHITOSAN PRODUCTION

In spite of the promising new markets for chitin and chitosan and
improvements in the availability of raw materials, obstacles have been
encountered in launching commercial enterprises. In this report an attempt
is made to analyze difficulties and to determine ways in which they may
be aver come. Essentially the problem is to prove the cost-effectiveness
of chitin and chitosan in market areas that appear to have volume potentials
in balance with production capabilities and to determine production
costs and probable market values of products with sufficient accuracy
to ensure the profitability of a proposed business venture.

The principal direct costs in the manufacture of chitin and chitosan
are for raw materials, labor, chemicals, utilities and retirement of plant
investment. A brief look at each of these should serve to define a range
of production costs. For this purpose, let us assume a facility designed
for production of one million pounds of chi tosan per year, or 1.25 million
pounds of chitin per year, and probably an equal amount of a highly
nutritional feed grade protei n.
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Raw-material costs

Recoverable waste from shellfish processing will generally fall within
the composi tion ranges indicated in Table 1 .

Table 1. Composition Ranges for Shellfish Waste

Solids as received

35-55

0- 5

The chitin content in shrimp waste is lower in most species of crab, crayfish
and lobster, The protein content is partially unrecovered protein contained in
the flesh but also protein contained within the shell matrix. Its content can
vary widely, depending on species and type of primary shellfish processing.
For example, Chesapeake Bay blue crab is commonly processed by hand picking,
leaving considerable unrecovered flesh in the waste material, Shrimp in
Atlantic and Gulf fisheries are beheaded at sea at a loss of 40% of the live
weight and perhaps 55K of the total waste. In other localities crab butchering
and extraction are separate operations, so that butchering wastes are not
recovered.

The mineral content of the waste material depends on the species, shell
maturity after molting, and amount of non-shell components in the waste.
Mineral matter usually consists of 905 or more calcium carbonate, with the
balance as calcium phosphate, Fats are largely derived from visceral material
and vary from 0% in clean crab-'leg shells to perhaps 5% or more in some
shrimp and lobster species.

An average shell composition for discussion purposes is shown in Table 2.

Table 2. Assumed Waste Composition

Percent

Solids as received 33

Chitin: dry basis

Protein

25

25

Calcium carbonate

Shell required for 1.2 5 million pounds
of chitin: 5 million pounds of shell
 dry basis! or 15 million pounds of
shell as received.

Chitin: dry basis

Protein: dry basis

Mineral matter
 CaC03 + Ca3 PO4


Fats

Percent

30-35

15-30

15-40
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In crab processing, meat recovery is general'ly 20-25;! of live weight with
cooking losses on the order of 25K, so that recoverable waste is generally
50-55X of live weight, Fifteen million pounds of waste is thus equivalent
to 27-30 million pounds of live weight crab, or to 5.4-7.5 million pounds
of primary product. The chitin yield is 8.33'.. of recovered waste, or 4.40
of live weight. It Can be Seen that a fairly large shellfiSh Operation iS
necessary to support a plant that is manufacturing a mil'lion pounds of
chi tosan per year.

As to raw material cost, this can vary widely depending on the
practicalities of shell supply. In many localities harbor pollution from
shellfish waste is a ser ious problem, and in such situations processors
generally are faced with waste-disposal expense. A chitosan plant might thus
have a negligible, or even negative, cost for most of its raw material. There
are means of stabilizing fresh shellfish waste for one to three weeks against
bacterial spoilage, so that short-term fluctuations in shell supply can be
ironed out to permit n constant production rate. Seasonal fluctuations,
such as closed periods for the fishery, are, however, a more serious matter.
To provide a constant production rate on an annual basis and thus minimize
plant investment costs, it may be necessary to import shell from other
ares or to store excess shell from peak periods. This will require long-
term stabilization measures, such as drying or freezing.

Assuming a cost for heat of $4 per million HTUs with 50K thermal
efficiency, the cost of heat per pound of dry shell would be �7/33! x
1, 000 x 2 x �00/1 06 ! = 1, 624 or 6, 54 per pound of chitin . Added to
this will be fixed charges on the drier, labor, utilities, transportation,
storage and over head, so that the total raw material charge might be 20'
per pound of chitin. Obviously a chitosan plant would want to minimize
its dependence on dried shell. In addition, excessive temperatures in
drying must be avoided, as it causes serious damage to chitin and
results in an unsatisfactory product,

Freezing is less expensive than drying from the standpoint of fuel
costs, but from the point of view of transportation and storage costs it
will be higher. In short, raw-material cost is entirely dependent on each
individual plant's circumstances. If most of the shell can be supplied
from local sources, overall raw material cost might be reduced to 84 per
pound of chitin.

Labor costs

A production of 1.25 million pounds of chitin or one million
pounds of chitosan per year, assuming 300 days operation, 24 hours
per day, is equivalent to a production rate of:

1.25 x 10 /7,200 or 'l73.6 lbs of chitin per hour.6

This could probably be handled by four men per shift at about S5 each per
hour for a total cost of 2,000/173.6 = 11.5< per pound of chitin, It is
possible to design a continuous plant in which labor would be reduced,
but for the production rate projected, the savings would probably be
offset by greatly increased investment costs.



Chemical costs

The principal chemical cost is for the acid required to dissolve mineral
matter from the shell. Assuming the use of 23',"; hydrochloric acid at $55 per
ton, this cost would be

2 x �3/1 00! x   1/ . 32 ! = 4. 56 1 bs 32% I-ICI

or 4.56 x �5/2,000! = 12.55C per lb of c hitin,

There are ways in which this cost might be reduced: for example, calcium
chloride might be marketed as a by-product. This procedure, however, would
require added inves tment cost~ and labor so that savings might not be
significant, especially in a small pr oduction plant,

Another need for acid is in neutralization ot the sodium proteinate
liquor to the isoelectric point for protein precipitation. Sodium
hydroxide required for protein extraction is generally about 15K of the
weight of protein, with an equivalent amount of acid needed for precipitation.

Using the example shell analysis, the sodium hydroxide requir ed would
be 1 50 1 bs per l, 000 I bs of chitin or pr otei n. At 84 per lb for caustic
soda purchased as 50$ solution, this would be 1.20It per lb of chitin, The
acid requirement would be 428 lbs at $55 per ton, or $11.76 per 1,000
lbs, or 1.18C per lb of chi tin .

Total chemical costs per pound of chitin including protein precipitation
are thus:

Hydrochloric acid
Sodium hydroxide

Total

13.73C
1,20

'I4.93c

Conversion of chitin to chitosan requires removal of the H-acetyl group
with sodium hydroxide. Stoichiometrically the NaOH consumption would be
197 lbs per 1,000 lbs of chi tin which amounts to $15,76 or 1.58< per Ib of
chitin.

In practice, chitin is treated with a 50% sodium-hydroxide solution
at an elevated temperature, and a liquor to solids ratio of at least five
i s required so that 2,500 1 bs ot Na0H per 1,000 1 bs of chitin i s actually used
in the deacetylation process. This would be 204 per lb of chitin. 8y
careful control of reaction condi tions and countercurrent washing of the
chitosan, much of the alkali can be recycled, and dilute washings can be
used for protein extraction. Sodium acetate can also be recovered and
marketed as a by-product. How close the alkali consumption can be
brought to the stoichiometric limits will depend on plant design, investment
and process control. Actua'I cost for alkali in conversi on could thus vary
over wide limits. A cost of 104 per pound of chitin appears reasonable
for the projected produc tion.
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~ eat re uirements

Energy requirements for chitosar production are moderate. Protein
extraction can be conducted using countercurrent apparatus to minimize
consumption of heat and water and produce a sodium proteinate extract at
high concentration. Demineralization is at room temperature or lower, and
deacetylation is at a moderate temperature using 20$ chitin concentration.

Principal heat requirements are for drying products, either chitin,
chi tosan or protein . Chitin can be centrifuged to about 40% solids before
drying so that evaporation is only 1.5 'lb of water per lb of product.
Assuming $4 per million BTUs and 50% drier efficiency, this would amount
to 1.24 per lb of chi tin.

Protein can be roll dried from a slurry at about 25% solids,
requiring three pounds of evaporation per pound ot product, or 2.44
per pound of protein.

Total heat costs would amount to:

doer fo d of ChihiFor

Protein extraction 2.4dt

Deacetylation 2,4dt

Chitin-chitosan drying 1.2<

Protein drying 2.44

Total heat cost 8. 4th

Plant investment

Extrapolating plant investment at our Tukwila pilot plant for the
increased production, a factor of 5.77 times the present rate is obtained.
Equipment cost is estimated at about $350,000. Costs for a building,
steam bo~ler and installation should be added to this for a total of about
$600,000. Amortizing at 10'X yearly, this would amount to 4.8$ per pound
of chitin� .

Other costs

Water and power can be estimated at about 3.254 per pound of chitin.
Plant supervision and quality control would amount to about $50,0DO per
year, or 4  per pound of chitin. maintenance can be estimated at 5$ of
equipment cost per year, or 1,6dt per pound of chitin. Plant overhead
at $50,000 per year would add 4,04 per pound of chitin.

For a plant producing only 1.25 million pounds of chitin per year or
173 pounds per hour, tlute most practical plant design from our experience is
one that uses batch operations, This design minimizes equipment costs, and,
while operating labor costs may be somewhat greater than for a fully
rontinuous plant, maintenance labor costs would probably be less.
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Table 3. Total Manufacturing Cost

Cents er Pound/Chi tin

8.00Raw material

Chemicals  HCl!
 NaOH!

Production labor

13.73
1.20 14,93

11.50

8.40

4.80

3.25

4.00

1.60

4,00

Steam

Amortization

Water and electricity

Supervision and quality control

Maintenance

Plant overhead

Total manufacturing cost 50.48

Potential sales

There are many possible markets for chitosan which can give it widely
different market values depending on use. The use that appears to offer the
most promise for rapid development is wastewater treatment, both as a
flocculant for suspended solids and for heavy-metal removal, For these
purposes, chitosan should be cost effective in competition with existing
products at about $2.00 per pound, Recovered protein has been found to
be equivalent to casein in animal-feeding tests when approximately 0.5%
of methionine is added. It is believed that a price of 35< per pound is
realistic for this material when used as an additive for pet I'oods and
specialty feeds.

Using the above estimates, profitability can be projected as in
Table 4. The variance in profit figures can obviously be considerable,
and if inflation trends in plant construction and labor costs continue
as they have been in recent years, return on investments might not
be as attractive as indicated. Nonetheless, it is still likely that
chitosan from shellfish waste could prove to be a worthwhile endeavor.

It is probable tha t 10 or more plants of the projected size
or larger could be operated in the United States, but it does not
appear likely that chitosan prOduction wi11 exceed 20 million pounds
per year in the near future.

If chitosan is to be the main product, an additional alkali cost of 8.24
per pound of chitin will be encountered and about 25S additional labor and
utility costs should be added. A 20' shrinkage in yield can also be expected,
Total manufacturing costs for chitosan would thus be about 824 per pound,
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Table 4. Projected Profitability of a Chitosan Enterprise

Sales

Costs

820,000

365,000

1,185,000

Profit

25
104

Percent of sales
Percent of investment

REFERENCES

1. MUZZARELLI, R.A.A. 1977. Chitin. Pergamon Press, New York,

Chitosan, 1,000,000 lbs ta $2.00/b
Protein, 1,250,000 lbs la $0. 35/ lb

Total sales

Manufacturing cost, 1,000,000 lbs
Cd $0,82/lb

General, admi ni strati ve and sales
expense 8 15K of sales

Total cost of sales

Gross profit
Federal income tax g 50~
Net profit

2,000,000
437,500

2,437,500

1,252,500
626,250
626,250
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A STUDY OF VARIABLES IN THE CHITOSAN MANUFACTURING PROCESS
IN RELATION TO MOLECULAR-WEIGHT DISTRIBUTION, CHEMICAL

CHARACTERISTICS AND WASTE-TREATMENT EFFECTIVENESS

A, C. M. Wu and W. A. Bough

Seafood Technology Laboratories
Marine Resources Extension Center

University of Georgia
Brunswick, Georgia 31520

ABSTRACT

Manipuiation of variables in the chitosan manufacturing process produced
chitosans with varying chemical characteristics and molecular-weight distributions
 MWD!. These products also differed in effectiveness as waste-treatment agents
for condi tioni ng of activated sludge and coagulation of cheese whey . Viscosity
was not as reliable as MWD distribution in correlating with waste-tteatment
effectiveness. For a graded series of chitosan products made from a single batch
of chitin differing only by time of deacetylation, one time of' hydrolysis was
shown to be optimum for gi vi ng the most effective product . Its MWD was neither
the highest nor the lowest of the series. High-viscosity products which were
more effective for sludge conditioning were less effective for coagulation of
cheese whey.

Times of hydrolysis and concentrations ot alkali were manipulated to
produce chitosan products having various characteristics and MWO, allowing
choices between labor, reagents, and equipment to be balanced by the manufacturer.

High-pressure liquid chromatography  HPLC! in the size exclusion mode has
proved to be a useful method for estimation of the MWD of chitosan products.
Analysis time is approximately 20 minutes per sample. Chitosan molecu les
dissolved in ZX acetic acid containing O.ZM sodium acetate are separated
according to size by passage through a sequential combination of colu  ins packed
with coated glyss beads having controlled pore sizes of 2500 ! , 1500 A, 250 ! ,
1 00 ! , and 40 A . A survey of commercially manufactured samples showed MWD
values of 0.1-4 million for the weight average, 0.05-0,08 million for the
number average, and 2-9.8 for the dispetsity or ratio of weight and number
averages.

INTRODUCTION

The manufac ture of chi tosan fr om the exos kel etons of crustaceans is we 1 1
documented in the literature �2, 13!, and some other methods have been extensively
reviewed by Muzzarelli �0!. Three major steps are generally involved:
demineralization with dilute acid, deproteinization with dilute alkali and
moderate heating to purify chitin, and deacetylation with concentrated alkali
and high temperature to convert chitin to chitosan. Variations in the reagent
used and its concentration, as well as time and temperature of the treatment,
determine the quality and performance of the product,

As a result of increasing problems in the treatment of waste effluents
from industties, the use of chitosan as a coagulating agent has been extensively
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studied in the laboratory. The high effectiveness of chitosan for this purpose
has been demonstrated �, 3!. Although measurement of viscosity has been
commonly used for estimating the quality of chitosan, it is not satisfactory
for estimating the effectiveness of chitosan as a coagulant �, 16!, Since
estimation of molecular weight distribution  MWD! of chitosan by high-pressure
liquid chromatography  HPLC! has been found effective �5!, the use of this
method, together with the information on charge density estimated by the
titration method �! to correlate the performance of chi tosan, has been
investigated in this laboratory.

This presentation includes our findings in the evaluation of
characterization methods, using them to estimate the effectiveness of
chitosan and to survey the MWD values of some commercially prepared chitosan
samples. Studies on the effects of variables in the deacetylation process,
such as the concentration of alkali and time of deacetylation, on the
quality and characteristics of the products are also reported.

EXPERIMENTAL

Raw materials for producing chitosan were shrimp hulls collected from a
processing plant, iced during transport, and dried the next day in a forced-
air oven at 103' C for 24 hours. Dried hulls were ground to 1 mm particle
size. Activated sludge was obtained from a biological treatment plant at a
comaercial vegetable-processing plant. The turbidity of the sludge was
adjusted to a reading of 1250 Formazi ne Turbidity Units   FTU ! before use,

Manufacturin of chitin

A large quantity of chitin with uniform quality was needed for conducting
the experiment under different deacetylation conditions. The reaction tank
for demineralization had a capacity sufficient for using 900 g dry shrimp hulls
as starting material. Ten liters of 0. SN HC1 was required for this process,
which represented a 10% excess of HC'I over the stoichiometric amount of ash
in shrimp hulls as calcium carbonate. The demineralized material was collected
on 60 and 200 mesh screens, and washed to neutrality with deionized water.
The residue was then deproteini zed with n i ne liters of I X  w/v ! NaOH for one
hour at 65' C with cons tant stirring. Thereafter the residue was collected
and washed as above.

The chitin product was dried at 85' C in a forced-air oven for 18 hours.
Ash content was determined.

Deacet lation of chi tin

A four-liter reaction kettle jacketed with a heating mantle controlled at
100' C by a variable transformer was used in this step. The four-hole kettle
cover provided mountings for an overhead stirrer, a nitrogen purging tubing,
a thermometer and a sampling port. Conditions other than variables to be
studied were maintained consistent for every experiment. Temperature was
kept at 100' C for all studies in the deacetylation step. Alkali concentration
was kept at 50K in the time-variable study, and was varied at 35, 40, and 50%
in the concentration study.
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Moisture and ash

AOAC. �! methods were followed to determine the degree of deacetylation
expressed in percentage of repeating units deacetylated among total number of
repeating uni ts in a chi tusan polymer . One was based on the determination of
acetyl ated r esidues by Lemieux and Pur ves  8!, the other was based on the
measurement of free amino residues by Broussignac �!. These two methods
have been shown to agree with each other by Bough et a l. �!, and the
Broussignac method was used for most samples because of its simplicity.

Viscosi t measurement

A Brookfield viscometer, Model RYT spindle-type, was used for this
purpose. In all cases, 500 ml of chitosan solution was prepared in 2X acetic
acid at 10 g/I concentration on a moisture-and ash-free basis. Measurements
were made in tri plicate at four different speeds on solutions at 20' C.
The viscosity value was taken from the condi tion requiring the lowest
conversion factor.

Molecular-hei ht determination

MWD values of chitosan samples were determined ~b jiPEC method. MWD values
included weight average MW  Mw!, number average MW  Mn!, and dispersity  D!.
Conditions used were basically as described by Wu et al. �5! and modified
by Bough et al. �!. Samples were prepared in 2C �.33M! acetic acid with
0. 1M or 0. 2M sodium aceta te. The presence of salt was necessary to minimize
the absorpti on phenomena.�!. The column materials were Glycophase-CPG
ranging from 40 to 2500 A pore sizes, The standard curve calibrated by dextran
standards was Ln Mi = 24,8041-0. 8520 Ve, whe~e Mi was the molecular weight of
i th species eluted at Ye in ml �!

Effectiveness as a coa ulant

Effectiveness was measured by the specific resistance  r! measurement
using the Buchner funnel filtration test �, 6!. The r values determined on
increas~ ng chi tosan dosages  x ! added to activated sludge were fitted into
a best quadratic equation for each chi tosan sample. The x and r values
at the inflection point of the equation were obtained by letting the
fir st derivati ve of the equation be zero. The product of x and r for each
sample was termed the optimum equivalent dosage  DEB!, which was a compound
parameter for comparison with other samples �!. The lower the OED value,
the more effective the product.

The overall filtrate volume obtainable in 30 seconds with the Buchner
funnel test was used in one study to represent the chitosan effectiveness �!.

In other cases, when the waste effluent such as cheese whey was
tested, the jar test measuring the reduction of turb~dity was used to determine
the effectiveness  l6!,



RESULTS AND DISCUSSION

Evaluation of chemical anal ses

Using a series of chi tosan samples varied only by the length of time in
the deacetylation process, severa'I methods were performed and compared for
measuring the degree of deacetylation, molecular size and effectiveness of
the product, For determining the degree of deacetylation, the Broussignac
methOd was highly correlated with the Lemieux and Purves method  8!, but the
Broussignac method is simpler to perform.

Tested on the same series of samples, correlations between MWD values
and viscosity data followed Staudinger's equation  9!, although the
coefficients of correlation were not high �!. When comparison was based
on random chitosan samples, the correlation was not even as high as above.
The study included conniercial!y prepared samples. Viscosities of samples
that varied in some ways in addition to the difference in the molecular
si ze are apparently no longer following the Staudinger equation. Resides, as
observed by Bough et al. �!, undissolved or swollen chitosan particles in
the soLution would dramatically affect the viscosity reading which could
be eliminated through filtration prior to HPLC determination. Thus, the
HPLC method was preferred to the viscosity measurement in estimating the
molecular si ze of the sample.

For determining the effectiveness of chitosan as a coagulant for
activated sludge, the Buchner funnel test is often used for testing the
dewatering efficiency of the treated sludge, Although the overall filtrate
volume was found workable �!, the filterability rate estimated by the
specific resistance gave better precision based on the coefficient of
determination in the polynomial regression analysis �!.

Effect of different waste effluent s stems

Two wastewater systems, activated sludge from a vegetable-processing
plant and cheese whey from a dairy plant., were tested with a group of ten
different chi tosan samples manufactured in this laboratory �!. The Buchner
funnel test was used for the activated sludge study and the jar test for
the cheese-whey study. Results showed that effectiveness of chitosan samples
for the two systems were virtually opposite �, 16!. 'We post~late that this
is primarily due to the difference in particle sizes and/or charge
characteristics of the two wastewater systems �4!, suggesting that
different chitosan samples can be produced to suit different wastewater
systems,

Stabilit of chitosan solutions

A convnercia1 sample was prepared in 2X acetic acid and stored at room
temperature for different periods of time. Analysis of these preparations
with HPLC indicated that MWD values of the sample decreased slowly but
continuously, Mw and M� values decreased 20 to 253 in one year. This
result indicates that the industry needs to be more aware of shelf 1ife, if
the sample is to be sold in a solution form. Whether this is due to the
degradation of the poLymer or the change in the molecu1ar configuration or
other causes is undetermined,
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Concentration of alkali in deacet lation

One study with 50K MaOH having three replications demonstrated that the
precision of the experiment was excellent, judging from the degree of the
deacetylation data in Fig. 1 and MWD data in Table 1 �!, As shown in
Fig. l and Fig. 2, both percent deacetylation and MWD data decreased very
fast in the first hour and slowed down afterward, Another study with 35,
40, and 505 NaOH showed that, as the alkali concentration decreased, the
rates of decrease in both viscosity  Fig. 3! and MWD data  Fig. 4! slowed down.
The transition phenomena which appeared for the 35% NaOH indicated that the
viscosity increased up to 21 hours and decreased afterward. It demonstrates
the conversion of insoluble chitin material to soluble chitosan material
due to the deacetylation action of the concentrated sodium hydroxide.
The MWD values increased up to 27 hours, decreased afterward, but stayed
the same after 30 hours . This is probably because the deacetylati on u nder
mild alkali concentration can completely solubilize chitin only after
being deacetylated for 27 hours. Up to 27 hours, products are only partially
soluble.

Table I. Molecular-Weight Distributions of Chitosan Samples
Prepared by Different Deacetylati on Times Dissolved in

Acetic Acid-Sodium Acetate �.33 M-0.1 M!
and Distilled Water at pH 4,15

Mn
 x 103!

Mw
 x 103!

Time
Sample  hrs! 01

0.5

1.0

2.0

3.0

4.0

F

4-742

5.0

D i s di s per si ty  Mw/Mn!
2Sample 4-74 is a commercial product �2!.

3Averages and standard deviations of two replicant analyses of three
batches of chi tosan,

Between Zl and 27 hours of deacety'lation, partially dissolved residual particles
may be responsible for the hi gh vi scosity of the solution, which is known as the
"fish-eye effect" �!. After 30 hours of deacetylation, the molecular size of
chitosan may rema i n cons tant, while the degree of deacetylati on keeps on
increasing, and this decreases the viscosity continuously after 30 hours .
This speculation awaits proof of the data on the degree of deacetylation of
these samples.

1487 + 98

1142 + 94

925 + 63

846 + 24

775 i 61

667 + 26

682 + 22

322 + 27

232 + 21

186+ 8

177 + 7

161 + 12

139 + 8

129 + 3

4,63 + 0.18

4.93 s 0.25

4.98 + 0.19

4.79 + 0.15

4.81 + 0.09

4.80 + 0.16

5.28 + 0.2
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Turbidity of these chitosan solutions made from different concentrations
was also measured, The plots of turbidity vs. time of deacetylatian indicate
that the turbidity readings level off when the sample is completely salubIe,implying that turbidity measurement could possibly be a quick and qualitative
method for monitoring the solubility of the product.

Finally, this study indicates that, to obtain a product with similar
quality, different manufacturing processes can be chosen, based on the
need to save either the reagent or the labor casts.

Effect of deacet lation time on the effectiveness
The first set of samples deacetylated at 100' C for 0.5 to 5 hours

was used to test effec tiveness in relation to chemical and molecular-weight
characteristics. Activated sludge was used in this experiment. Effective-
ness measured by the OED values is shown in Fig. 5. These OED values were
analyzed by Duncan's multiple range test, It concluded that the
effectiveness increased in the first two hours of deacetylation, and no
signif'icant change in effectiveness measured by OED was shown afterwards.
This coincides with the study on synthetic polymers   14!, which shows
that each polymer has an optimum MW for a particular waste-treatmentapplication. The optimum MW is not necessarily the highest possible value.
If different wastewater systems had been used for the testing, these
chitosan samples might perform differently, as we observed previously
when one chitosan product was most effective for sludge and another for
cheese whey. Thus, different grades of chitosan samples may be produced
that will be useful in different waste-treatment applications �, 16!.
Correlation between the erformance and chemica I characteristics

With the same group of samples  Fig. 2 !, correlations among these
parameter s were car ried out in an attempt to determine which chemical
characteristics were useful for predicting the performance. Multiple linear
regression with the logarithmic transformati on was used to correlate data,
Only the samples deacetylated for 0.5, I, and 2 hours were used, based on
their effectiveness data shown in Fig. 5, Results, as shown in Table 2,
indicate that MWD data correlated better with effectiveness than with
viscosity. When viscosi ty data was used, the weight of percent
deacetylation was almost negligible judged from the beta prime values.
This may be due to the fact that the effect of percent deace~t Iation is
already included in the viscosity measurement. Bath Mw and Mn correlated
similarly with effecti veness, while Mw was wei ghed more in the correlationthan Mn, Thus, it is logically concluded that M� and percent-deacetylatian
data are the two mos t useful parameters in predicting the performance
of chitosan as a coagulant.

Since the possibility of experimental error is fairly great in the
effectiveness measurement wi th activated sludge  Fig. 5!, an experiment
with greater sample size may be needed to confirm this conclusion. A
similar experiment might be performed to investigate the correlation of
these chemical characteristics with other functionalities of a chitosan
product, such as film forming or medical applications. This information
is useful in producing the desired product for a specific application.
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Table 2, Correlations between the Chemical Characteristics
and Effectiveness of Chitosan Samples

M ~ DE!.!.  !!ED! =4 ! L !! 
 L ~50 t !at'

Coefficients l3eta PrimeVariables

b' R
2 x,! blb0 bl bZ

0.74 0,03 0.53

1.36 0,65 0.74

0,69 -0.64 0.75

-51,27 16,22 0.02

-2579.20 120,66 223.85

328.96 53. 65 -217.71

Vi scosi ty

Mw
'M

1 Units used in the formula are 0E0 in 10, viscosity in cps, and MWD data6

in da'Itons.

Surve on MWD values of commerciall re ared sam les

So-called chitosan is in any case not a very specifically defined
substance, Molecular size and charge density can vary according to the
manufacturing conditions used. The MW values also depend on the method
of measurement, either direct or indirect, or the standard used for calibra-
tion in the indirect measurement, In those cases where Mw values of over
1 million are observed, association of monomer units to form large oligomer
complexes may be involved. Such high M� values have been observed upon
analysis of certain commercial chitosan samples, as well as products made
in our laboratory under mild conditions . At thi s point, we are not certain
if the high Mw values we observed represent a natural or an artificial state.

Tab/e 3 shows some examples of MW0 values for several commercially prepared
chitosan samples sent to this laboratory, Solutions prepared in 0.33 M  ZX!
acetic acid with 0.2 M sodium acetate have pH 4.45. The Mw values ranged from
110,000 to 3,999,000, Mn values from 51,000 to 839,000, and dispersity from
Z.18 to 9.81. Va'lues are averages of two measurements. The precision of the
replication was usually within 10". The determination of MW0 by size-exclusion
mode as in the HPLC method was based on the molecular size and shape in the
solution used. Although the column material was the Glycophase-CPG having the
minimal absorption effect �5!, the 0,2 sodium acetate was still needed to
eliminate the residual interactions between the columns and chitosan and
to minimize the polyelectrolyte effect �, 19!. The molecular-weight values
of some products fell in the 1Z0,000 range, as reported by Muzzarelli �0!,
whi'le many other products had both Mw and Mn values higher than this range.
The value reported by Muzzarelli was determnined by the light-scattering
technique, thus it is considered equivalent to Mw values. It is assumed
that milder manufacturing conditions in this study were used for the products
being surveyed. Many other MW values have been reported based on the viscosity
measurement, which would be equivalent to the viscosity average MW  Mv!
and related to a "complicated average falling somewhere between Mw and M�"
  9 !. The complexity of this value would increase as the dispersity of the MW
of the polymer increases, as is true of many chi tosan products  Table 3!.
Mv values of chitosan samples have been reported ranging from 216,000 to 365,000
 Brine, personal corer!ur!ication; 11!.
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Table 3. MWD Values for Chitosan Samples Manufactured Commercially
and Prepared in 0.33M Acetic Acid with 0.2M Sodium Acetate

M

�0 ! D

M

�0 !

Kytex H

Kytex L

710

The waste-treatment effectiveness of chitosan compared to synthetic poIymers
having molecular weights of over 1 million, the viscosity of chitosan solutions
and our NPLC results all support our belief that, at least in dilute acetic-acid
solutions, chitosan behaves as a high-molecular-weight polymer. The forces or
bonds that hold the complex together are unknown to us at this point. Further
studies on dissociation of the complex and analysis of sub-units are planned.
Joint experiments are in progress to correlate our results by HPLC analysis
with x-ray diffraction and light scattering in Professor Averbach's laborator'y
at M,I,T.

A conclusion of our study is that HPLC is a better tool than viscosity
measurement for determining the quality of chitosan samples as a coagulant.
Information on the percent deacetylation of samples is also needed. With
the selected cha racterizing methods, products can be well monitored. Series
of different. grades of chitosan samples for different applications can be
produced merely by varying the manufacturing conditions, especially the
deacetylation steps. 8ecause performance varies depending on the wastewater
systems used, a case-by-case survey is needed for each type of application,
unless a well-designed experiment is conducted and the relationship between
the characteristics of chitosan samples and the nature of the wastewater
system can be revealed.

J-I I-I

J-II-2

J-III

RST-Co

MCI-17

HC 1-18

MC I-32

Flonac-N-A

Flonac-N-D

FCRL 16-73

FCRL 4-74

FCRL 5-76

1302
1'1 0

1520

1685

1449

1750

315

3999

489

1871

3686

1333

807

233

198

5l

223

203

149

289

80

839

151

414

101

207

171

67

111

6. 60

2,18

6.83

8. 32

9.81

6.06

3.96

4.77

3.26

4.53

3.68

6.45

4. 99

3.48

6.39
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Figure 1. Deacetylation of Chitin with 50% NaOH.
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ORGANIC ACID SOLVENT SYSTEMS FOR CHITOSAN

Ernest R. Hayes
Donald H, Davies and Vaughan G. Munroe

Department of Chemistry
Acadia University
Wolfville, N.S.

ABSTRACT

A number of organic systems have been studied as possible solvents for
chitosan. They are divided into four categor1es based on their viscosity
ver sus concentration curves .

INTRODUCTION

Muzzarelli �! has reported that chitosan is soluble in formic, acetic,
10% citric, pyruvic and lactic acids and that other organ1c acids fail to
dissolve it. Because of the diverse nature of these acids  carboxylic,
tri carboxylic, alpha keto, and hydroxy! and because of the reported absence
of a systematic survey of chi tosan ' s solubility in organ1c acids �!, it is
very likely that add1tional solvents for chitosan exist, and it is important
that these additional solvents be identified because chitosan is a poly-
elec trolyte that has potential use as a flocculant to remove impurities
from aqueous systems �, 2, 3!, Each solvent will have a different cost
and possibly a different effect upon the environment.

EXPERIMENTAL

The chirosan used in most of these studies was produced by the Food,
Chemicals and Research Laboratory Ltd., 4900 Ninth Ave,, Seattle, Washington
and was supplied by the Office of Sea Grant, National Oceanic and Atmospheric
Administration, Department of Commerce, Rockville, Maryland. Some of the
later experi~encs used chitosan purchased from the Kypro Company, wh1ch has
incorporated the Food, Chemicals and Research Laboratory Ltd. and has the
same address.

The solutions were prepared by stirring the solvent with chitosan for
at least 24 hours or by homogeni zi ng the system with a Polytron homogenizer;
the latter procedure eliminated the long stirring times. Because of the
high viscosities of the systems in which chitosan is soluble, viscos1ty
measurements proved to be the only practicable method for obtain~ng a measure
of the solubility. The viscosities were determined wi th either a Brookfield
LVT or RVT viscometer.

RESULTS AND DISCUSSION

The solvent systems are divided into four categories. Category 1 consists
of solvents that. produce slightly non-Newtonian solutions which have no
clearly defined solubility limit, As the concentration of chitosan is
increased, the solution becomes more viscous until a paste or a plastic-like
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solid is formed. The viscosities of all these solutions lie within a narrow
band  see Fig. 1! and increase slightly with time. The straight-line
relationship was unexpected . The color of the solutions varied from light
yellow to dark brown. Solvents in this category are 2M aqueous solutions of
acetic, citric, formic, glycolic, lactic, maleic, malic, malonic, pyruvic,
and tartaric acids.

Category 2 includes those solvents that produce solutions whose viscosities
fall within the limits shown for category I, but the solutions are very
non-Newtonian, The viscosity decreases as the rate of sheer increases and,
for a 5-percent solution of chitosan in oxa!ic acid, the rate of sheer versus
sheer-stress curve  see Fig. 2! passes througli the origin and has a slope of
1.2 x ID-3 cP-1  the slope of a similar curve for a 5-percent solution of
chitosan in acetic acid is 0.54 cP-1!. No hysteresis was observed in
these curves. This type of behavior is characteristic of pseudo-plastic
materials and many emulsions, When the solutions are allowed to stand for
long periods, gels are formed. The two acids in this category are 2M
di chloraceti c and 1 0 oxalic acid .

Category 3 contains three acids: 0.041 M benzoic, 0,36 M salicylic and
0,052 M sulphanilic. Solutions in these acids show an initial increase
in viscosity and therefore some solubility   see Fig. 1 ! . These ac ids may
properly belong in category 1, since the low solubility of chi tosan is
probably due to the low concentration of these acids in the solution.

Category 4 includes solvent-chitosan systems for which the viscosity
is independent of the concentration of chitosan  see Fig. 1!. These
systems were colorless, and there was no indicati on of any solubility.
Solvents in this category include aqueous solutions  generally 2M! of
dimethylformamide, dimethylsulphoxide, ethylamine, glyc inc, methylamine,
nitrilotriacetic acid, iso-propylamine, pyridine, salicylic acid,
trichlor acetic acid, and urea, and a 2 M solution of benzoic acid in
ethanol.
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IV. CHARACTERISTICS OF CHITIN-CHITOSAN



DETERMINATION OF THE STRUCTURES OF o- ANQ 8-CHITINS l3Y
X-RAY DIFFRACTION

John 81 ackwel 1, Ram Minke, and Kenncorwin H. pardner
Department of Macromolecular Science

Case Western Reserve University
Cleveland, Ohio 44106

ABSTRACT

The structures of 2- and :--chitins have been determined by x-ray diffraction,
us ing ri gid -body least-squares refinement methods, The polarities of neighboring
chains: anti parallel in 0-chi tin and para I 1 el in 8-chi tin, have been confi rmed,
and the hydrogen-bonding network has been determined. :8-Chitin has an
or thorhombic uni t cell with d imensions: a=4. 74A, 0=18 . 86A, and c='I O. 32A
 fiber axis!, The space group is P212121, and the cell contains disaccharide
sections of two chains. The chain possesses an intramolecular 03'-H- 05
hydrogen bond, as in cellulose, and successive chains a'long the a axis form
sheets linked by C=D ~ .I-I-N hydrogen bonds. The CH2QH side chains have
di fferent conformati ons on the two chains ln the unit cell, On one chain
the CH2OH forms a second intramolecular hydrogen bond to the carbonyl group
of the next residue, 06-H --07'. That on the second chain forms an inter-
molecular  intersheet! hydrogen bond 06-H ..06'. The data indicate that the
structure contains a statistical mixture of these two types of bonding,
equiva'lent to ha'lf oxygens at both 06 positions for each residue, such
that the P212121 symmetry is maintained. All the hydroxyl croups are
hydrogen bonded, and the intersheet bonding accounts for the inability of
tt-chitin i:o swe'll in water. In addition the structure contains two types of
amide group, which have different hydrogen bonding. This feature explains
the splitting of the amide I band in the infrared spectrum,

For f-chitin, the unit cell is monoclinic, with dimensions a=4.85! ,
b=g. 264, c=IQ, 3BA  fi ber axis! and 8=97. 5'. The space group is P21, and
the unit cell contains the disaccharide repea t of one c hain, necessi tating
a parallel cha i n structur e . The chain conformation is the same as i n o-chi tin,
and the chains form sheets linked by C=O. ~ H-N hydrogen bonds. The CH2QH
groups form intrasheet hydrogen bonds to the carbonyl of the next chain
along the a axis. The absence of hydrogen bonding between the sheets explains
the ease with which 6-chitin can be swollen in water to produce hydrates.

INTRODUCTION

This paper describes recent determinations of the structures of
~- and 6-chi ti n in our laboratory, usi ng x- ray di ffracti on methods   1 3, 23 ! .
Chitin occurs naturally in several crystalline polymorphic forms �0!,
in which the poly N-acetyl-D-glucosamine! chain adopts a 21 screw axis,
with two residues repeating in 10.3-10,4A, as in cellulose. The polymorphs
ditfer in the packing and polarities of the adjacent chains, The so-called
~-chitin is by far the most common form, and it is abundantly present in
na tur e, e. g ., in the arthropods   27 !. S-ch i t in haS been identified in
~L 1i p 2182, A~h odit thaeta 2282. popo ophote t het 241, ~ d th
spines of cer'tain marine di~atoms 5!. A third form, y-chitin, which is
less well characterized, has been reported to occur in Lolirlo stomach
lining �9!.
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X-ray diffraction studies of the structures of chitin date from the
1920s. Early work  'l4, 20, 22, 7! on the a-form estabiished the unit cell
and probable space group, md was followed by the detailed structure
proposed by Carls trom �! in 1957, This structure had an orthorhombic
unit cell w1th dimensions; a=4,76! , b=l8.85A, and c=10.28!   fiber axis!,
and space group P212121. The cell contains disaccharide sections of two
c hitin chains which are required by the space group to have alternating
sense, i.e., the chains are antiparallel. Successive chains of the
saine sense along the a axis are linked by C=O H-N hydrogen bonds, and
the structure can be seen as a series of hydrogen-bonded sheets of
chains.

The Car lstrom structure gives reasonable agreement between the
observed and calculated x-ray intensities �9!, but is subject to the
following criticisms and drawbacks,

1, The -CH20H groups are not hydrogen bonded, whereas the infrared
spectrum indicates all the hydroxyl groups form donor hydrogen
bonds.
The evidence for the P212121 space group is questionable,
especially since an 00! r eflect1on is observed . A less symmetrical
structure could contain parallel rather than antiparallel chains.
There is no hydrogen bonding between the sheets of chains,
i.e., along the b axis. o-chitin does not swell on soaking in
water, unlike p-chitin, where water penetra tes between the sheets
of chains. This resistance to swelling suggests the presence
of tight intersheet bonding in the u-form.
The am1de I band in the infrared spectrum is a doublet, w1th
frequencies at 1621 cm 1 and 1656 cm 1, whereas a s1nglet band is
predicted for the Carlstrom structure.

There have been numerous attempts to modify the Carlstrom structure in
order to eliminate the above criticisms. Pearson et al. �5! proposed
that the str~cture contained a 50/50 mixture of cis and trans amide groups,
to account for the amide I doublet. Alternatively, Park~er 24! suggested
that the doublet was due to water of crystallization. However, both of
these modifications are stereochemically unacceptab'le. An 1ntersheet
hydr ogen bond was proposed by Dwe'I tz  8 !, but this was based on the
unacceptable chain conformation used by Meyer and Misch �1! for cellulose,
and the proposed hydrogen-bonding network in Dweltz's structure could
not be transferred to the Carlstrom structure. More recently, Ramakrishnan
and Prasad �6! and I-laleem and Parker �5! have applied least-squares
refinement methods in efforts to determine the structure, but both groups
have been unable to resolve the problems listed above.

u-chitin was first distinguished from a-chitin by Lotman and Picken
�8!, who observed a new x-ray pattern for the deproteinized Lolicio pen.
Dweltz  9! indexed this pattern in terms of a unit cell containing only
one chitin chain, which necessitates a parallel chain structure. In later
work, highly crystalline 6-chitin was found in pogonophore tubes �!, and
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the spines of a few species of marine diatoms �!. The diatom chitin was
first isolated by balk et al. �1!, who showed that this material had no
non-acetylated residues. The unit cell of diatom chitin is monoclinic,
with dimensions �!: a=4.85! , b=9.26! , c=l0.3'  fiber axis! and v=97.5',
and space group P21. The structure was refined by Blackwell �!, who
showed that the chitin cha i ns are linked together in sheets through C-0 . H-N
hydrogen bonds, very similar to those in a-chitin. However, the bonding of
the CH20H groups was not determined, and these hydroxyls were left unbonded .
Dweltz et al. �! proposed that the CH2OH groups formed intersheet hydrogen
bonds to the carbonyl of the next chain along the ab diagonal. This
structure, however, is not compatible with the ease with which the
6- structure is swollen when wa ter penetrates between the sheets, and would
give rise to a band with perpendicular dichroism in the 0-H stretching
region of the i nfrared spectrum, whereas only parallel dichroism i s
observed.

The e-c hi tins of pogonophore tube, ~Loli o pen and Aphrodite appear
to be more complex and contain a mixture Mo two structures which have
been designated s-chitin A and B �!. The .-chitin A structure is that
found in diatom chitin and was obtained exclusively in poqonophore chitin
after b'leaching with diaphanol  chlorine dioxide in acetic acid!. The
8-chitin B structure is tess well defined. However, both the A and B
structures form a series of hydrates, where water penetrates between
the sheets of chains and increases the b dimension of the unit cell. The
S-Chitin A StruCture deSCri bed abOVe is the Only known anhydrOuS n-
str ucture.

The foregoing discussion describes the knowledge of the structures of
u- and B-chitin at the time we commenced our reexamination of these poly-
morphs. We have refined the structures using rigid-body least-squares
methods, in order to determine the pac king of the chains and the hydr ogen-
bonding network. We had previously applied these methods to determine
the structure of cellulose I �2! and II �7!, where we were able to
determine the polarity of the chains and the hydrogen-bonding networks,
The methods and results for u- and 3-chitins are sumnarized below; a
detailed description of the refinement is given elsewhere �3,23!.

EXPERIMENTAL

Specimens of a- and p-chitin were obtained respectively from lobster
tendon  Homarus americanus! and pogonophore tubes  ~01i obrachia ivanovi!.
These materials were deproteinized by boiling in 5'i potassium hydroxide
for 24 hrs, rinsed, soaked in cold 3N hydroch'loric acid for 3 hrs, and
washed in water, The lobster tendon was subjected to a further treatment
with 6N hydrochloric acid for 10 minutes to increase the crystal line order,
followed by thor ough washing. The pogonophore tube was bleached in
diaphanol to remove the black pigment; the diaphanol was allowed to
evaporate to dryness, and the specimen was washed thoroughly.

The specimen of a-chitin used to obtain the x-ray data was in the
form of a thin sheet oeeled from the purified tendon. The pogonophore
s-chitin  =-chitin A ! was ultrasonically dispersed i n water and mixed
with fibrinogen solution . This mi xture was clotted by addi tion of thrombi n,
and the clot was stretched into a fiber containing oriented 3-chitin
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fibrils �!. The specimen used for diffraction was an oriented bundle of
sections of this fiber. The x-ray patterns were recorded on Kodak Na-Screen
Film using a vacuum camera with pinhole collimation and CuKo radiation.

The K-ray intensities weve measured using an optical densitometer,
except for the very weak reflections; these were estimated by eye. Forty-
five observed non-meridional reflections weve recorded for u-chitin, and
sixty-one for 8-chitin. These data were corrected for Loventz and
polarization effects, and converted to the observed structure amplitudes,
F obs!. Within the range of the observed data for a-chitin, twenty-four
additional reflections which have intensities too weak to be detected
are predicted. Each of these reflections was assigned a structure amplitude
equal to two-thirds of F thr!, the threshold or lowest F obs! that could
be detected in the region of the predicted reflection. For e-chitin,
only five unobserved reflections were predicted, and these were assigned
zero F obs!.

UNIT CELL DETERMINATION

The observed d-spacings for u-chitin are indexed by an ortharhombic
unit cell with dimensions: a=4,74! , b=18.86! , and c=10.32A. Odd order
00@ ref'lections are absent except. for 001, which is weak. Comparison of
x-ray photographs of ~-chitin specimens of different degrees of crystalline
order shows that this 001 intensity decreases as the crystall ite size
increases, Hence there is a Zl screw axis parallel to c, and the 001
reflection is probably due to lack of perfec tion of this 21 symmetry in
small crystal 1 i tes, which is eliminated as these cvysta 1 1 ites coalesce.

Previous work and ouv own refinements below Indicate that the space
group is at least very close ta P212121. However, it is not passible ta
hydrogen bond all the hydr oxyl groups in a P212121 structure, and
deviations which reduce the symmetry to P21 must be considered. It is not
possible to be definite about absences for the h00 and Ok0 reflections,
Odd order Ok0 reflections are not detected, although the passibility of
weak 010 and 030 reflections cannot be eliminated, due to an
equatorial streak. The 100 reflection would be coincident with 040, and
a strong reflection is observed in this region.

for 2-chitin, the observed d-spacings are indexed by a monoc linic
unit cell with dimensions: a=4.85! , b=9.26! , v=10.38!   fiber axis!,
v=97.5 . The only systematic absences are for odd order OOz reflections,
and the space group is P21.

CHAIN CONFORMATION

The model for the chitin chain was based on that used in our
refinement of cellulose I�2!, where averaged 0-glucose residues �!
are arranged with 3-�~4!-glycosidic linkages repeating in 'l0,38! .
For chitin, the 02-H group was replaced by the trans NHCOCH3 group
of N-acetyl glucosamine �6!. A projection of this chain showing the
numbering of the atoms is shown in Figure 1.
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As described, the chain has the same fiber repeat. as 8-chitin and
possesses an intramolecular 03-H...O5' hydrogen bond. To accortnodate
the apparent shorter fiber repea7, for o-chitin, the Cl-01 bond length
was decreased from 1.42% to 1.395, and small changes were made in the
residue rotations about the Cl-01 and C4-01' bonds. X-ray refinements
based on fiber d1ffraction data are not sensitive to such small changes,

The chitin chain so described is completely rigid except for
rotational freedom for the side chains. The orientations of the CHZOH
and planar amide groups are defined as x and respectively  see Figure
1!. x=O when C6-06 is cis to C4-C5;X' =0 wheI[ N-Ci is trans to Cl-C2;
"OSitiVe X and >' COrreSpand to antiClOCkwise rotatiOnS Of the groupS
when viewed along C5 and C2-N, respectively. [A further parameter
defines the rotation of C8 and 07 about N-C7, i.e., it allows for
non-planarity of the amide group, Our refinement work for 8-chitin
yielded a value of .<" not significantly different from zero, and planar
amide groups are assumed in the work described below.]

REFINEMENT OF THE STRIJCTLIRES

o-Chitin

Models were considered with both P21 and P212121 syrmnetry. In the
former case, the spare group requires consideration of both parallel
and ant1paral lel chain systems . Model s were set up with chai ns passing
through the corner and center of the ab projection. [Corner and center
chains are designated �! and �! . Thus x �!, for example, defines the
orientation of the CH20H group on the corner chain]. Parallel and
ant1- paral Iel P21 model s are designated pl and al, respect1 vely . The refinable
packing parameters in these models are PHI �! and PHI �!, the
orientation of chains 1 and 2 about their axes, and SHIFT, the stagger
of chain 2 along c with respect to chain 1. The P 21Z121 model is designated
a2, and the refinable packing parameters are PHI �! and SHIFT [since PHI �!
180o-PHI �!].

The structures are refined by adjusting the refinable parameters
in a least-squares procedure based on those used by Arnott and Wonacott �!
to give the best fit between the observed and calculated structure
amplitudes. The refinement will be discussed in terms of the
crystallograph1c res1duals:

R' =~Ew F obs � F calc!'~
ZwZF obs




R = 2 F  obs J- F cele!
~os

R" =

F  obs! and F  calc! are the observed and calculated structure amplitudes, and
w is a weight ass1gned to each observation; we used w=l for the observed
reflections and w=l/2 for the thresholds assigned to the unobserved
reflections. The latter were incorporated only where F calc!> F  thr!.

~P2] P 2 ! d

Model a2 was refined 1n terms of s1x var1ables: PHI l !, SHIFT,,�!
and X' �!, an 1SOtrOpiC tomperature faotOr 8, and a SCale fac or V. ' The
data were not sufficiently sensitive to allow for simultaneous refinement
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from a general starting position, and the refinement was performed starting
with one variable and adding further variables in successive cycles in the
order: K, PHI l !, SHIFT, x  L !, x ' I !, B . This led to a final model a2
with residuals R=0.184, R"=0.161 for the observed data only, and R=0.232,
R'=0.218 and R"=0.181 for the observed plus unobserved data. This model
is very similar to that proposed by Carlstrom. The agreement between the
observed and calculated data is very good, but the structure is subject
to the same criticisms as given above, particularly that the 06-H groups
cannot form hydrogen bonds, and is thus unacceptable.

Study of the a2 model shows that two possible hydrogen bonding
schemes are possible for a P212121 model. Shift of the CH20H groups
from x= 149. 7 in modeL a2 to x=1 10' would allow for an 06-H...07 '
intramolecul ar bond, but increases the residual to R"=0.26 . Alternatively,
with x�!.- -30 , an intersheet 06-H. ~ -07' bond is formed, which increases
the residual to R" = 0, 31 . Both of these possibilities can be eLiminated
at a high significance level in favor of the unbonded model for which
R"=0.16. Thus an acceptable hydrogen-bonded P21212L model cannot be found
and P21 symnetry must be considered.

P21 modeL s

Models pl and aL are defined in terms of nine parameters: PHI l!,
PHI�!, SHIFT, X�!, x�!, x'�!, x'�!, K, and B. As for model a2 it
was not possible to refine all these parameters simultaneously. Rather,
PHI�!, PHI�!, SHIFT ~ K and B were refined initially, and then the x and

angles were ref~nod  along with K! while the other parameters were
held constant, The final pl model had a residual R"=0.26, which is
significantly higher than can be achieved for antiparallel chains
 R"=0.16!, and was stereochemically unacceptable due to bad contacts
between the amide and CH20H groups on adjacent chains. As a result
paral leL chain models can be eliminated.

Prior to refinement of the x and x' angles, model a had packing
parameters that were not significantly different from thyrse in the
P212121 model ap. It appears, then, that the structure wi 11 be similar
to a2, except that x and x' may have different values on the two chains,
Examination of the effect of va riation of x�! and x�! on R" shows that it
is possible to find positions for the CH20H groups that give reasonab'Ie
values of R" and allow for hydrogen bonding. At  x l!, x�!! = �2-',
180 ! and �80', 120'!, R" is increased by less than 0,003, and it is
possible to form an intramOlecular 06-H ~ ~ 07' bond for one chain and an
intermolecular 06-H 06' bond for the other chain  between center and
corner chains!. There are marginal bad contacts for the chain with the
intramolecular bond, but these can be eliminated wi th non-bonded constraints
on the refinement.

Statistica I P212121 model

In the above refinement, the CH20H orientation was constrained in
the refinement to produce an intra-bond for the corner chain and an
inter-bond for the center chain. The reverse bonding pattern--inter-
on the corner and intra- on the center--is equally acceptable, however,
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as is an arrangement of half oxygens at both positions for each residue,
correspond1ng to a statistical mixture of both bonding patterns. The
bonding in one unit cell is comp!etely independent of that in neighboring
cells, and thus the statistical mixtu re is the probable structure, which
corresponds to PZ121Z1 symmetry.

This statistical structure was modeled by placing half oxygen atoms
at both x=112.1 and x=187.2 for each residue and refining PHI l!, PHI�!,
SHIFT, 8 and K. This resulted in the final model for a-chitin shown in
Figure 2, where the half oxygens are indicated by the shading. The final
residuals were R=0.2Z3 and R"=0,188 for the observed data, and R=0.279,
R'=0.265, and R"=0.205 for the full data. An exact 50/50 mixture of
the two hydrogen-bonding opt1ons, however, can only be expected for large
crystallites. The P212121 symmetry wi11 break down for small fibrillar
crystallites, and hence a 001 reflection is observed, which decreases in
intensity as the crystallite size increases.

The proposed structure also gives a simple explanation of the
splitting of the amide I mode i n the infrar ed spectrum. The structur e
contains two types of amide group; all the amides are involved in C=O
~ -N bonding, but half of them also act as acceptors for CHZ-0-HE ~ 0
 carbonyl! bonds. As will be shown below, all the amides in 6-chitin
are involved in C=O H-N and CHZ-O-H.. 0  carbonyl! bonds, and the
1nfrared spectrum of this polymorph � ~ 24! contains a single a~ide I
band at 163 1 cm-1. Thus the 1621- 1 band for o-chitin is assigned to the
amide I mode of the doubly bonded groups, and the I656 cm-1 band is
assigned to the singly bonded groups. There 1s no need to invoke
coupling of the amide vibrations or the presence of water of crystallization .

6-Chitin

Determination of the structure of 6-chitin is simpler since the
unit cell contains only one chain. The structure was refined in terms
of five parameters: PHI, x, x', B and K, wh1ch are defined in the same
way as above for x-chitin� . These parameters were refined simultaneously,
resulting in a structure which had R=0,244 and R" 0.274. The refined
value of x =81.7"! resulted in a marginally short contact �' ~ 05=2.61A!.
This was eliminated by 1ncorpora ting a non-bonded constraint, and gave
a stereochemicaIly acceptable structure with R=0.250 and R"=0.288 for which
x=-60.7', The increase in the residua'Is is not statistically significant.
The structure is sti'Il unacceptable, however, since the CHZDH groups are
not hydrogen bonded.

Examination of the refined model indicates that two possible hydrogen-
bonding schemes exist for the CHZOH groups: an intrasheet bond to the
carbonyl of the next chain in the 100 plane, 06-H- ~ 07', and an intersheet
bond to the carbonyl of the next chain 1n the 110 plane, as was proposed by
Dwel tz et al . Each of these possibilities was cons i dered by inclusion
of constraints in the refinement to require formation of the particular
hydrogen bonds. When cons trained to form the intrasheet bond, the final
residuaLs were R=0.267 and R"=0,302, and the final mode'I is stereochemically
acceptable. For the constra ined formation of the intersheet bond, the
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refined model is acceptable except for marginal bad contacts between 06
and both C7 and C8 of the bonded amide. These can be eliminated by
further consta i nts, and the final residuals are R=O. 347 and R " 0, 378 .
Thus the model with the intersheet hydrogen bond can be rejected at a high
significance level, and the model with the intrasheet bond is that
proposed for a-chitin,

The proposed structure for ll-chitin is shown in Figure 3, The
chains are arranged in sheets rather similar to those in ~-chitin.
The amide group orientation x ' is -1 03 . 0  c f. -1 02 . 6' for u -chitin� !
and the 07-II 07 ' i ntrasheet hydrogen -bond length of 2, 894,

ln the proposed structure, both of the 0-H groups are oriented
along the chain and would give rise to parallel dichroism for the bands
in the 0-H stretching region, as observed, The intersheet-bond model
would be expected to show some parallel dichroism . Thus there i s no
bonding between the sheets of chains, and easy penetration by water
on swelling is to be expected.

DISCUSSION

o- and a-cbitinS bOth COnSiSt Of arrays of sheetS Of ChainS. These
are stabilized by C=O.. H-N bonds, as well as by the nonbonded inter-
actionss between the pyranose rings . The most obvious difference between
the two struc tures is the absence of bonding between the sheets of the
parallel 8-structures. This lack of bonding probably accounts for the
swelling properties of a-chitin.

When the structures of' cellulose and chitin are compared, obvious
analogies emerge between the parallel chain structures determined for
cellulose I and 6-chitin and between the anti parallel cha in structures of
cellulose II and n-chitin. In both cellulose I and 8-chitin the 03-H and
06-H groups form hydrogen bonds along the chain axis. The 06-H group forms
an intramolecuiar 06.. 02' bond in cel'lulose I. The analogous 06 N
bond is not possible in 3-chi tin, and there is a small rotation of the
CH20H fo allow for an intrasheet bond to the protruding carbonyl of the
chain above, In cellulose II and c -chitin, the change in chain polarity
has resulted in additional i nterchain bonding, and these polymor phs are
the more stable: the a ~ o-chitin and cellulose I II transforma tions
cannot be reversed,

However, neither cellulose I nor cellulose ll can be swollen in water.
Of the four structureS, all but a-chitin have intermOleCular hydrOgen band-
ing in the plane of the sugar rings. This swelling property probably
makes 6-chitin unsatisfactory as a structural material, and may explain
why the an tipar a'llel chain u-structure is the abundant native s tructure,
in contrast to the parallel chain system in native cellulose.
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Fig. 1. Disaccharide repeating residue for chitin, showing
the numbering of the atoms and the refinable
parameters z ar d x',
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Fig, 3: The structure of anhydrous 8-chitin
b! ac proj ection showing the 06'-H. 07 and

CT=07 N-N intermolecular bonds.
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b

I.ig. 3: The structure of anhydrous 8-chitin
c! ac projection.
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TENSILE MECHANICAL PROPERTIES ANO TRANSCONFORMATIONAL CHANGES OF CHI TINS
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ABSTRACT

Tensile mechanical properties of naturally occurring a., g.-and y-chitin
and of chi tosan fibers and films regenerated by three different processes
are described. All of these materials are strain-rate dependent in both
the wet and dry states. As such, they are typically visco-elastic polymers
in which the elastic modulus is time dependent.

The tens11e properties within and among chitin polymorphs vary in stiff-
ness, strength and extensibility by several orders of magnitude. These
differences are ostensibly related to crys ta 1 structure, packing order and
degree of orientation . These properties in native chi ti n, as wel I as the
extent of stress relaxation, are sensitive to deformation rate and solva-
tion i n vari ous media . The mechanical propert1es of renatured chi tosan
fibers vary enormously with the method of manufacture.

Although all of these materials are vi sea-elastic, chemical-mechanical
manipulation of their basic properties is possible, and it would appear
that different modes of viscous behavior occur: dt-chitin apparently deforms
by chain slipping, while 6- and y-chitin and the renatured chi tosans ex-
hibit viscous behavior consistent with basic mo]ecular conformational
changes.

INTRODUCTION

Some accounts, mostly of historical interest, of the mechanical proper-
ties of chitin and chitosan are ava1lable from earlier decades �4, 26,
32. 33!; however, only recently has there been any attempt at systematic
measurement and description of the properties of naturally occurring
chit1ns �1, 12!. Owing to the complex structural arrangements of chitin
fibers in animal skeletons �, 23!, test data now ava1lable  ll, 12! from
these sources are not ideally suited for estimating the tensile behav1or
of isolated chitin fibers, much less that of possibly mercantable regener-
ated chi tosan fiber s and films. For these reasons, more basic characteri-
zations of the tensile mechanical properties of naturally occurri ng a-, B-
and y-chi ti n fibers and derivative chi tosans have been made . Fifially, by
meatus of chemical manipulation, fundamental differences in the viscous ele-
ments of these materials have been explored.

EXPERIMENTAL

Material was obtained as follows: ~-chitin - locust  Locusta! hind leg
apodemes, squid  ~Loli o! esophagus and prawn  Penaeus! carapace; 8-chitin-
th een of th q d; s-ch tin - teeth fftinu~sacoon fih s e d squid
stomach. Specimens were cleaned by steeping them in hot BX KOH for several
hours and then washing them in distilled water. Renatured fibers and films
were prepared from squid pens using the xanthate dispersion �2!, form~c
acid  ZZ! and trichloroacetic acid �! methods.
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All testing was performed in the tensi'le mode on a previously described
instrument �6! at ambient room temperature and relative humidity for dry
specimens and in distilled water for wet ones. Each material was tested
until an average of about 6 entirely reproducible curves were obtained.
Zero points were chosen by extrapo'lating back along the first linear re-
gions of the curves to the x-axis intercept. All strains are calculated
f'rom this corrected point  justified below!. Strain-rate tests over three
orders of magnitude were also made. The elastic limit is given as that
stress below which recycl ing results in curves of slope similar to that
obtained on the initial extension and above which stress relaxation occurs
when crosshead movement is stopped. In practice, the elastic limit is
actually determined to lie between a very narrow range of stress values.

The tensile stress-strain curves were resolved into the following com-
ponents: Eo-elastic modulus  slope of first linear region, ao-propor-
tionall 1 imi t stress and eo strain; El -slope of second linear region, al
and cl largest respective stress and strain associated with El; amax-
maximum or ultimate tensile strength, Eggy associated strain.

RESULTS AND DISCUSSIDN

The Tensile Stress-Strain Curve

A generalized tensile stress-strain curve for native polymorphic chi ti n
and regenerated chi tosan f'ibers is shown in Fig. 1. It can be seen that
there is an initial concave regi on ln the curve, the occurrence of which
is of grea t importance; if it is a true proper ty of the material, then an
elastic modulus is precIuded and one can only calculate an approximate
stiffness, the tangent modulus. The first samples of chitin for which
such curves have been published �0! were, on the contr ary, entirely linear
for thi s same line segment. Moreover, subsequent studi es on various
arthropod chi tins   I 2, 1 3, 1 5! revealed m~ xed behavior in th i s regard: some
were Hookean, some not, while others alternately exhibi ted both kinds of
behavior on different occasions. Careful reinvestiqation of this point on
var ious chi tins   including those presently under discussion ! has estab-
lished that this concavity is an artifactuaI element of the tensile test.
It is entirely associated with "bedding-In" phenomena with respect to
loading: taking up slack, co-axial alignment of skewed fibers, surface-
mating effects between specimen and grips, and state of hydration. There-
fore, it is entirely correct to ignore this concavi ty in zero-point selec-
tion and, hence, i n calculating the initial slope of the curve . This done,
an entirely linear relationship between stress and strain is obtained, the
slope of which, Eo, constitutes Young's or the elastic modulus of the ma-
terial� . Consequently, previously published values  sumnari zed in 1 2! for
the tangent modulus of chitin should also be considered as elastic moduli.

The initial linear region of the curve in Fig . 1 is seen to terminate in
a clearly defined deviation from linearity between stress and strain. This
point i s the proportiona! limit characterized by the coordinates an, cq .
Conventionally, the material under test ls said to be within the elastic
domain from the origin of the curve to the proportional limit. However,
non-linear elastic behavior is commonly encountered in polymers �5!,
necessitating an experimental determination of the relationship, if any,
between the true elastic limit and the proportional limit. That the pro-
portional limit is, in fact, just about coincident wi th the elastic limit
for chitin tested under uniform conditions of temperature, hydration state
and strain rate was ascertained in the following way . Specimens were



axially loaded in small increments, the crosshead movement was stopped and
reversed, thus returning the specimen to zero load. On subsequent extensions
the load was gradually increased until deviations from linearity occurred
vis-a-vis stress-relaxation on stopping crosshead movement. For all three
of the chitin polymorphs and for regenerated chitosan fibers, the onset of
stress-relaxation approximately coincides with the first deviation from
linearity~thus establishing equality between the proportiona I and elastic
limits. The elastic domain, then, extends from the origin of the tensile
stress-strain cur ve to the proportional  e'lastic! limit.

Extensions beyond the proportional limit are associated with varying
degrees of permanent deformation, and the region between this limit and
complete failure constitutes the plastic domain of the material. The
versatility of a material often depends upon the kind and degree of plas-
tic behavior that can be utilized prior to failure. In this regard, the
plastic domains of the chi tins are highly variable � 1, 12!. For example,
in o-chitin two linear p'lastic regions occur in wet samples at slow
strain rates,and the~e can be "compressed" into a single linear region if
the stra~n rate is greatly increased or dried specimens used. Alterna-
tively, y-chitin exhibits but one linear region in the plastic domain
irrespective of hydration and strain rate. Plastic deformation of chitin
is almost invariably associated wi th regions of positive slope and this
behavior is defined as work-hardening.

In the case of native chi ti n, this work-hardening ele>nent can be inter-
preted as a strain-induced crysta'llization that is indicated by increasing
bi refri ngence of test fibers on stretching, and by the observation that
crystal lographers almost i nvari ably s tretch their specimens prior to x-ray
diffraction i n order to enhance the crystal'Ii ni ty of thei r samples� . It is
no accident that the ultimate tens~ le s trengths   »max! of chi tins and
chi tosans always occur within the plastic domain, that is, after the ma-
terials have already sustained irreversible change because maximum crystal-
linity and crystal orientation are associated with stretching and, ultimate-
ly, with the propagation of crystal defects . This seemi ng anomaly evokes
the old engineering adage that defects are both the strength and weakness
of a material. Crystal defects that could theoretically be operati ve in
the deformation of chitin are discussed in a companion paper immediately
following this one.

TenSile proper tieS of u II and y-ChitinS

From a cons i derati on of the tensile mechanical data given i n Table 1, a
number of comparisons can be made. However, in view of vast differences
reported for a wide variety of putative a-chitins �1, 12! it must be em-
phasized that this account primarily concerns those chitins under present
discussion, o-, Il-and y-chitins share a number of features in co>mr>on which
can, therefore, be considered as intrinsic to the basic po1ymer. For
example, the main elastic elements of 8,and y-chitin are strain-rate sensi-
tive,and the general trend is that of increasing stitfness  Eo! and stress
 >>o! while the elastic-limit strain  eo! is decreased. From the particu-
larly high modulus given for the locust o-chitin, it can be expected
 although not determined experimentally! that this particular a-chitin is
less sensitive to defor mati on ra te than are the 8 and y-chi tin fi bers .
However, that o-chi ti n is strain-rate dependent has been well documented
for both wet and dry samples �1, 12!,
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All three polymorphs show marked hydration sensitivity, the effects of
which are that Eo, op and amax all increase while the corresponding values
0'f E o and Emax obviously decrease on dehydration. This relationship
points to very basic properties of the chitin macromolecule. It is of
particular interest to note that S-chitin, which is the most hydration de-
pendent, exists in hydrated crystal forms �, 7, 8, 28!, that v-chitin
forms hydrates �0!, and that both S and v-chitin revert to crystal-
line a-chitin on solvation in hydrochloric acid and 1ithium thiocyanate
respectively �7, 31!. Sy the same token, it should be recalled that the
ultimate strengths  omax! of ~ S-and v-chitin are quite similar when
tested dry at comparable strain rates vis-S-vis intra- and inter-
polymorphic variation when wet. When dry, a-chitin is the stiffes t fiber
 highest Eo! followed in turn by S-and v-chitin. Similarly, the highest
maximum strain value occurs i n v-chitin, These observations are consistent
with the raw tensile data on w S-and v-chitin for which the stress-strain
curves were quasi-linear for up to 90K in ~, but only 50', in S and
v-chitin.

Certain structural inferences can be made from these data, It would ap-
pear tha t 1 ocust-tendon o-chitin is of the highly oriented crystalline
form having only small amorphous regions. The high degree of oriented
micel les is evidenced by bi refringence in this tendon and the sharpness of
x-ray diffraction photogr aphs of other a-chitin locust tendons   9, 23, 30!,
while a reduction in the size of amorphous regions is evidenced by the in-
sensitivity ty of this material to hydration state . Highly oriented material
is also suggested by the high stiffness  Eo!, low cmax and brittle failure
of the tendons . Squid esophagus, like locust tendon, i s an ~-chitin
�8!, but it is orders of magnitude less stiff and over ten-fold less
strong than the latter . Coupled with the facts that this material is
greatly distensible, and that it is non-birefringent, even when this effect
is enhanced wi th a first-order gypsum filter, it is concluded that squid
oesophageal chi tin consi s ts mainly of fibers which are largely amorphous
and which contain few, non-oriented micelles.

On the basis of a relatively low hydration sensitivity, the beetle-
cocoon fibers must also be crystalline  indeed, they are strongly bire-
fringent!, but the amount of oriented material is probably less than that
of locust tendon because of a correspondingly lower elastic modulus and
higher extensibility in the cocoon fibers. The fact that the cocoon fibers
are nonetheless somewhat hydration sensitive points to the occurrence of
some amorphous regions. The intra-polymorphic differences seen in the a-
chitins extends to v-chitin as well. For example, squid stomach is of very
low modulus and strength and, like squid esophagus, is also non-birefrin-
gent and greatly distensible, hence it is main1y amorphous and non-oriented,Finally, squid pen S-chitin is probably largely amorphous   it is also greatly
hydration dependent! but, owing to a high modulus and low strain when
tested dry, those micel les present must be in the oriented state . Hicro-
structural variation i n the three chiti n polymorphs therefore includes
those fibers which are' .�! highly crystalline and oriented � locust tendon
and beetle cocoon fibers; �! highly amorphous and oriented � squid pen;
�! highly amorphous but not oriented � squid esophagus and squid stomach.
This packing-order variation is consistent with all of the observed mechani-
cal  above! and chemical  9! properties, and suggests that chemical and
mechanical manipulation of all three polymorphs, especially that of S and
i-chitin, is possible  discussion follows!.
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Tensile pro er ties of the chitosans

Reference to the data in Table I shows that, like the chiti ns, all
three chi tosans share a number of properties in common. They are markedly
strain-rate dependent and characteristically display higher stresses,
greater stiffness and lower strain with increasing strain rate. Chi tosans
are a Iso extremely hydration sensitive and are just as typically visco-
elastic as are the chi tins . The chi tosans remain elastic for up to 50% of
tne maximum load whi ch they can sustai n; of the three tested, the chi tosan
acetates appear to be stronger when dry than either the formate or
xanthate preparations. The acetate and xanthate chi tosans were, however,
tested in fiber form,and it might be expected that the polymerization
process would confer some degree of chain orientation in an otherwise
relatively non-birefringent amorphous material.

The natural visco-elasticity of the chi tosans is a property which
offers future possibilities for chemical modification of mechanical be-
haviorr; but at present, Tittle is known of the sensitivity of different
source materials to formation processes . For example, the samples of
chitosan formate studied were films,and it might be expected that fibers
would be of higher stiffness and strength than films. But, it was not
possible to produce chitosan-formate fibers because the formate solution
was i nsufficiently viscous to maintain fiber integrity during the lengthy
polymerization process. Similarly, an attempt to cold-draw chitosan ace-
tate fibers from solution was only partially successful, though rhis has
reportedly been achieved by others �!, because presumptive forming fibers
thinned and broke under their self-weights at slow extrusion rates. At
higher flow rates, the fibers "fell" through the polymerizing acetone for
a short di s tance before reaching the bottom of the vessel. These slightly
drawn fibers were the ones used in this s tudy, The flow rate requi red to
keep the forming fiber near to the breaking point was too critical to be
determined and further attempts at cold-drawing chitosan acetate fibers
were abandoned.

Comparisons of chi tin, cellulose and their derivatives

It has been stated that regenerated or renatured chitosan fibers dis-
play physical characteri s tics, particular'ly in regard to optical and x-ray
diffractional properties, that are very similar to those of native a-
chiti ns �,4!. A comparison of the tensile mechanical properties of o, 8
and v-chitin with those of the three chitosan preparations provides much
of interest that bears on this point  Table 1!,

Generally, the mechanical properties of the renatured chitosan prepara-
tions are quite different from those of o~ S and v-chitin  also, see ref.
30!. With the single exception of the dry chitosan acetate fibers tested
at the highest strain rate, the chitosan samples are more elastic, hence
less stiff, than any of the native chi tins at comparable rates of deforma-
tionn and hydration state . Moreover, a, B and v-chitin exhibit considerably
greater ultimate tensile strengths  orna�! than do the chitosans which, at
best. sustain only half the average omax of the na tive chitins. The elas-
ticc- limit stress values  ao! of as 6-ancn' i-chitin are also very much higher
than those of chitosan acetate, xanthate or formate. The corresponding
proportional- limit s trains and u I timate strains of the native chi tins are,
as must be expected, lower than those of the chitosans. Finally, the dry
to wet o ax ratio, which is an extremely important property of textile
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fibers, of native chitin is on the average ten-fold more favorable than
that of the chitosans.

Since it is well known that chitin is chemically closely allied to
cellulose �, 8, 20! and that a number of regenerated eel luloses, particu-
larly viscose and acetate rayon, have proved to be comrttercially practic-
able, it is worth briefly comparing the relative properties of chitins and
chitosans vis-a-vis those of cellulose and its derivatives. From Table 2
it can be seen that the maximum tensile strength and elasticity of the
highly oriented o-chitin compares favorably with cotton when both are dry.
However, flax, which is known to have an expecially highly oriented molecu-
lar structure, is much stronger and stiffer than any of the chitins. It
may be that cellular materials can achieve a more highly oriented crystal-
line content than can the extra-cellular chitins �4!, but systematic in-
vestigations of the crystalline/amorphous ratios of native chitins have not
been done.

A comparison of chi tosan formate with rayon acetate shows that the lat-
ter is the stiffer of the two when wet. However, on the basis of dry
strengths, the chitosan formate is clearly comparable to the rayon but is
more elastic than the acetate in water. It would appear, then, that the
native celluloses are stiffer and stronger than the native chitins, while
the dry regenerated derivatives of cellulose and chitin are comparable.
Furthermore, both groups of derivatives are markedly less stiff and strong
and more extensible than the primary compounds. The main failing of the
regenerated chitosans vis-k-vis the rayons is that the former are i nordi-
nately susceptible to stiffness and strength reduction in the hydrated
s tate . Because of poor wet s trength, chi tosan acetate and chi tosan
xanthate do not appear to be of practical use at present. Chitosan for-
mate, however, might be, if it were either mixed wi th another fibrous
material or chemically stabilized  i ndeed, native chi tins are always
associated with protein [2B, 29, 30, 31 ] ! to decrease its extensibility
when wet  pure chitosan-formate fabrics would stretch very badly when wet!.

In the present paper the vi ew is taken that regenerated chi tosans hold
promise for future textile application if some of their more undesirable
characteristics can be controlled, but this presupposes a greater under-
standing of the basic processes of deformation for both chitins and chito-
sans than has been available up to the present. In much the same way that
the derivatives of cellulose require modi fi cation of properties inherent to
the polymer �7!, it is extremely pertinent to consider a molecular basis
for the fundamental mechanical proper ties of the native a; S and v-chi tins� .

Oeformation and transconformations in chitins

o, 8 and v-chitin, as welf as the regenerated materials di scussed above,
are visco-elastic and so lack unique elastic moduli. Honetheless, if these
fibers are deformed i ~ a non-destructive mode, it is possible that loads
can be sustained in an e'tastic and/or viscous manner, depending on the rate
of loading, extent of strain and time given for recovery. The fo'I!owing
observations illustrate the extent to which the tensile mechanical behavior
of ai S-and y-chitin can be modified with suitable chemical and mechanical
manipulation,

a-chitin

Air-dried prawn and locust specimens were loaded slowly to a force near
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Table 2, Mechanical Properties of Chitin, Cellulose and Their Derivatives

Material Strain rate,
'. / second

Source

Chitin acetate

Dry

Wet

,17

.14

7031 113

3.4 .75

.04 This work

This wor k,26
Chitosan xanthate

Dry

Wet

1457 38

.41 .23

.09

,09

.16 This work

This work.38
Chitosan formate

Dry

Wet

2665 101

11.6 14.4

.08

.17

.18 This work

This work
Cotton

Dry

Flax

5900 540 .07

49000 784 ,02

�!

�!

14700 169

1320 67

.01

.05
Acetate Rayon

Dry 6100

1720
�!

�!

122

Wet

Dry

Viscose Rayon

Dry

Wet

Elastic Ultimate
Inodulus, tensile
E 2 strenoth,
N/mm aITla x2

N/mm

Associated
strain,

II8 X
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but below that of the elastic limit and the crosshead movement stopped at
time tl  Fig, 2!. The specimens were held in this way for a short period
of time, tl-t2, over which the time-dependent stress remained constant,
thus precluding viscous effects over the interval considered. When dis-
tilled water is applied to the specimen at time t~, stress relaxation
occurs and the previously sustained force falls ttS zero, t3. At time t4,
the now wet specimen is further extended to the force originally sus-
tained at tl and crosshead movement is stopped, tS. The specimen is ob-
served to maintain this stress. If the water in the test chamber is re-
placed at t6 with 6N HC1, a partial stress relaxation occurs. Now, al-
though precisely what physico-chemical effects transpire on HC1 vs. water
solvation remain undetermined, it is at least possible to distinguish
between the two modes of viscous flow that might be associated with the
observed behavior.

ln th asa f prot i polrmans s h as l o«ross-O ~Ch silks,
it is well established that the large viscous component of a typical ten-
sile stress-strain curve is positively associated with the o to i! and X-!!
to parallel 6 conformational change in the respective materials. This
kind of change can be induced chemically or mechanically as has been con-
firmed by x-ray diffraction methods �9, 24!. Similarly, a conformational
change occurs when parallel il-chitin is solvated in nitric �8! or hydro-
chloric acid �7, 28!. If, for example, a fiber of;-chitin is held taut
and so prevented from contraction, the application of HCl results in ener-
getic effects which are readily observed as force changes  Fig. 4!, How-
ever, if a sample of prawn or locust a-chitin is simply held taut  not
stretched! and the time base recorded, no x-axis force changes occur on the
addition of water, HC'! or LiCNS; that is, the energetic effects associated
with conformationa 1 changes are absent. Therefore, the viscous  stress-
relaxation! effect seen in Fig. 2 for a-chitin is very likely to be associ-
ated with chain-slipping of neighboring molecules. This would be entirely
consistent with the fact that HC1 is known to disrupt secondary forces
such as interchain van der Waals forces and hydrogen bonding. Entirely
different behavior is observed for a and y-chitin.

B-chitin

Squid pen specimens were loaded in a tensile manner as were the a-
chitins just described, except that. the pens were extended in a water
filled chamber, When such a specimen is extended to a point near the
elastic limit and the crosshead stopped  Fig. 3, tl!, there is an immediate
stress-relaxation effect that, as in a-chitin, can be associated with chain-
slipping or swelling, The force sustained is now t2, only 30K of the ori-
ginal load, but equilibrium has occurred. When the water in the test
chamber is replaced with 6N HC1 at time t2, there is a slight decrease in
the 1 oad followed by a very rapid rise in force to a level exceedi ng that
obtained on the initial, tl, deformation . It must be remembered that the
crosshead has remained in the off position since tl, so that the rise in
force is solely the result of HC1 addition, The implication of this is
that the now par tially strained pen specimen has sufficient internal slack
to allow for at least partial chain-folding in its attempt to complete the
conforma tional change to a-chitin� . Iriteresti ngly enough, i f the specimen
is allowed to equilibrate at its new HC1-induced stress and this level
shifted to the zero base line, t3, and the HCl in the test chamber rep'!aced
with water, a force-elongation curve in all essentials similar to that seen
between to and tl is obtained  Fig, 3!. These observations complement
those of Lotmar and Picken �8! and of Rudall �8! that on conversion from
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8 to a-chitin squid pen samples characteristically contract by as much as
one half of their original lengths in the course of transconformation.

The quest~on inev1tably emerges as to whether or not the squid pen test
sample shown in Fig. 3 has fn fact completed conformatfonal change between
t2 and t3. Because the specimen is constrained and not allowed to con-
tract, it is very likely that transconformation cannot go to completion
as shown by the results of the follow1ng experiment. When a pen spec1men
is simply held taut  no load applied! and the zero base line adjusted to
record posftive or negative change, addition of 6N HCI results in an
immediate positive force which reaches equilibrium  Fig. 4! and remains
constant until experimentally perturbed. If the HCl in the test chamber
is replaced by water, there is an immediate stress-relaxatfon.and the
force drops to zero load, Noreover, when the water fs again replaced with
6N HC1 the initial behavior is repeated. there is the immediate develop-
ment of a posit1ve force, equilibrium occurs, and when the HCl is once
again replaced with water the load returns to zero, This kfnd of HC1-
induced mechanica 1 behavior is exactly reproducible,and the hysteresis is
enti rely consi stent wi th the materia'I attempti ng a transconformation which
is precluded because the specimen is held taut and cannot contract.

Nore conclusive evidence for the above interpretation would be to test
pen specimens which had been al'Iowed to complete the transconforma tion to
a-chi ti n in 6N HC1 prior to any tes ti ng . When this 1s done a result typi-
cal of many others obtained in the same way is obtained  Fig. 5!. The
specimen is stretched to a force just below the elastfc limit and the
crosshead is stopped, tl. The specimen reaches equi11brium whereupon, t2,
the water is replaced by 6N HCl. There is then an immediate stress
relaxation of the specimen and this entire acid-related sequence of be-
havior fs sfmilar to that of a-chitin. The sequences illustrated in Figs,
3 and 4 are exactly opposite of those in Fig� . 5 with respect to HCl
 remembering that constrained samples of squid pen 8-chitin develop a posi-
tive force on addi tion of HC1 !,

Ordinarily. one might have expected a zero force over the range of con-
formational change as occurs in the a~a transconformatfon of wool �9!;
however, the transconformation of p- to a-chi ti n is in a sense exactly the
obverse of that in the proteins. That is, the extended parallel 8 form of
chitin is requi red to contract in order to assume the folded anti-parallel
form of a-chitin, while in the protein a folded helfcal form is extended
i nto sheet form. In thi s connection, a note of caution ought to be i ntro-
duced; i t might be that 8-chi tins treated with HC1 give rise to a folded
pattern, which on x-ray diffraction resembles a-ch i tin but which might
possibly be only a "pseudo a-ch i tin, " since it has not been unequfvocal ly
established that a-chitin is folded even if it is an anti-parallel struc-
ture.

There are two important reasons for the above caution. In the first in-
stance, that a-chitin 1s anti-parallel in arrangement is evident from
crystallographic studies   5, 7, 25, 27, 28!; however, the suggestion that
a-chitin is folded in the native state is only an inference, based on the
observation that s-chitin contracts from an extended form to a folded one
when chemically treated �4!, The second point is a set of experimental
observations; samples of squid pen were soaked in 6N HC1 and were observed
to contract to about one- half of their original lengths. They were then
stretched  but not broken! beyond their elastic limits so that permanent
plastic deformation had occurred. The specimens were then removed from the
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extensometer, their new lengths measured and left unrestrained in dis-
tilled water overnight. On the next morning no length change had occurred.
When these specimens were then placed in 6N HC1, contraction occurred.
This implies at least partial reversibility of an HCl-induced 8~ trans-
conformation especially in light of the fact that native a-chitin does not
contract in HC1.

ch -t it

Beetle-cocoon fibers were tested in the same manner as were those just
described for ~and 8-chitin. Air-dried fibers were extended to just near
the elastic limit and the crosshead stopped, whereupon the fibers main-
tained the load. The viscosity of these v-chitin fibers is apparent on
addition of water, as there is a rapid partial stress relaxation as in a
and 8-chitin, If, on the other hand, the extended fiber is treated with
LiCNS there is complete stress relaxation to zero load,and this effect is
not c hanged on substitution of water or HC1. Similarly, the application
of HCl to extended fibers results in partial stress relaxation as observed
ln a-chitin.

v-chitin fibers were also analyzed for chemical hysteresis effects  as
in the squid pen samples! by holding them taut but not loaded. The appli-
cation of LiCNS at room temperature to such fiber s res~its in a positive
force which can be maintained in equilibrium. If the LiCNS is replaced
with water, the force is dissipated and falls to zero. If the procedure
is repeated, one observes a LiCNS water hysteresis exactly like that shown
in Fig, 4 for the B-chitin HC1-water hysteresis. This is entirely repro-
ducible and, as in e-chitin, points to an arrested transconformation.

Cocoon fibers were also treated in LiCNS, a solvent known to induce a
v~ transconformation �8!, and then subjected to partial loading and
treatment with various solvents. When this is done, LiCNS, HC1 and water
all produce varying degrees of stress relaxation, i.e., result in negative
force, just as occurred in a-chitin subjected to these solvents� . Likewise,
the resu'Its associated with LiCNS addition to untreated and then treated
fibers are consistent wi th a v~ transconformation in just the same way as
HCl is associated with the S~ transconformation.

There was one important remaining di fficu'I ty in accounti ng for the be-
havior of the v-chitin fibers. If it is indeed true that one obtains a
LiCNS-water hysteresis  which can be eliminated if the fibers are treated
in LiCNS prior to testing!, why is it that no macroscopic changes in the
fibers were observed when restrained dry fibers were placed freely in a
solution of sa turated LiCNS'? The devel opment of a positi ve force in the
taut specimens suggests that the v~ transconformation involves contraction,
yet no contractions were observed when dry specimens were put into LiCNS.
A partial explanation for these observations might be that. the crystallites
of the beetle-cocoon fibers are too closely packed to allow LiCNS solvation
of dry fibers. The reason, also, why one obtains a LiCNS-water hysteresis
is the fact that the water sufficiently opens the structure to allow LiCNS
solvation. Indeed, if air-dried cocoon fibers are soaked in water for a
few minutes and then placed in saturated LiCNS, a very rapid contraction of
the fibers occurs.

Although the different kinds of viscous behavior explained as chain-
sli ppi ng in a-chitin and transconformation in a and v-ch i tin are consistent
with all of the mechanical-chemical data, an unresolved problem
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remains: Why is it that taut specimens of B and v-chitin display what are
undoubtedly attempted conformational changes when suitably treated chemi-
cally, while the same materials  under conditions of partial loading!
accommodate the stress partially by viscous stress relaxation? It is pos-
sible that the untreated but taut specimens undergo the partial axiaI re-
alignmentt required of transconformation as well as by par tial distension
of the amorphous regions, while in extended specimens the decline in force
might primari'ly be the result of the amorphous regions flowing in a vis-
cous manner. The solution to this and other problems in the visco-elastic
behavior of chi tins requires detailed information on the relationships
between oriented and amorphous regions in chitin. The realization of this
knowledge coupled with the necessary theoretical treatment of the actual
modes of deformation is the key to making the seemingly intractable chitins
of today valuable and useful textiles of tomorrow.
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ABSTRACT

The possible structures of dislocations and dislocation-like defects
that mi ght occur in polysaccharide polymers such as chiti ns and their
possible roles in deformation mechanisms such as the inter-conversions
between a-,s-and v-chi tins are discussed.

Crystal defects in inter-mo1ecular bonding, such as edge and screw dis-
1ocations and disparations, could allow chains to slip over one another
with only loca1ized disruptions of the hydrogen bonds or van der Waals
forces. Deacetylation, for example, resu1ts in inter-chain bonding dis-
continuitieses which can act as defect sources for the glide of mobile di s-
locations through the chitin crystals . This can partially explain why the
mechanical properties associated with deacetylation thus result from the
disruption of a large number of hydrogen bond. sites on repolymerization.

The structure of the bends thought to occur in the molecular chains of
a-and V-Chitin and the pOSSible meChaniSmS Whereby S- and Y-Chitin are COn-
verted to ~-chitin are discussed, A bend structure, formally equivalent to
two-edge dislocations in the intra-chain hydrogen-band network, is proposed
to account for the folding and unfolding of chains i nto specific crys ta llo-
graphic forms of eh~ tin, The reversibility of the a~ chitin transconfor-
mation is also discussed.

INTRODUCTION

Many physical properties of materials are governed, not by the structure
of the perfect crystal 1attice, but by the presence and behavior of defects
in the structure. The most studied of defect-controlled processes is, per-
haps, the phenomenon of metal plasticity, in which irreversible flow of the
material under stress occurs when dislocation defects glide through the
lattice  9,21!. During the last 15 years or so, similar concepts have been
applied in helping to understand the flow behavior of macromolecules �,6,
11,24,26!. However, most of the work so far has discussed the possible
role of defects in the deformation of simpler materials such as polyethy-
1ene and nylon. More recently, the defect concept has been extended to the
behavior of' he1ica1 polypeptides, and the well-known aw transformation that
occurs on stretching woo1 fibers was ascribed to the glide of edge disloca-
tion defects �4!. The purpose of the present paper is to discuss possible
kinds of defects tIiat could occur in polysaccharide materials, with special
reference to chitins and chitosans, and to show how these might play a role
in the deformation and transconformation change effects that are observed
in these materials.

Various defects are known to exist in chiti ns and chi tosans . For
example, there is a possibility that some residues in native chiti ns are
de-acetylated �0!, and, in the production of re-natured chitosans, de-
acetylation can take place to a considerable extent, De-acetylated sites
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are, in effect, point defects in the chain and, although themselves immo-
bile, might act as nucleation sites for mobile defects. Chain folding has
been discussed extensively with reference to chitins, chitosans and cellu-
loses �0,29!; such folds, as will be discussed below, are capable of de-
scription in terms of edge dislocation defects. In addition to these, it
has been suggested that many effects, generally ascribed to lack of crys-
tallinity, could be due to defects at the molecular level �!. Also, some
of the pyranose rings can adopt higher energy conformations, such as some
of the boat forms rather than the favored Cl chair conformation. Such de-
fects could lead to greater chain flexibility with consequent effects on
the physical properties �!.

Experimental evidence for the existence of crystal defects in chitins
is, so far, rather indirect. On the microscopic scale, defects have been
observed in the chitin fiber architecture of Arthropods �!, and it has
been hypothesized that arthropod cuticle solidifies from a cholesteric
liquid crystal phase �2!, Such phases often contain dislocation and dis-
clination defects �!. On the sub-microscopic scale, it has been pointed
out that many chitin preparations give anomalous x-ray reflections �0!,
and it has been suggested that simi'Iar reflections observed in nylon could
be due to the presence of crystal dislocations �5!. Indirect evidence is
also provided by mechanical test. data �5,16!. Even in highly crystalline
and well-orientated chitin preparations, there is evidence for fairly well-
defined yield points followed by irreversible plastic flow, phenomena
which, in many materials, can be associated with the mobility of crystal
defects.

Chitin consists of Iong chai n molecules, hydrogen bonded together to
form sheets as illustrated schematically in Fig. 1. Sheets are held to-
gether by van der Waals forces to form the crystalline structure . Refine-
ments of the structure have indicated that other inter-chain intra-sheet
hydrogen bonds may be formed �0!. For the purposes of simpIification,
the hydrogen-bond arrangement of Fig . 1 wi I I be used for the following
qualitative arguments, since these will be unaffected by any addi tiona I
inter-chain hydrogen bondi ng . There are three crystalline forms of chitin,
depending upon how the chains are aggregated �0!. In the most usual form,
~- chitin, nei ghbori ng chains are anti -parallel, in e-chitin, chains are
parallel and, in y-chitin, chains are arranged with two parallel and one anti-
parallel. From the unit-cell dimensions of chi tin �,8!, it would seem dif-
ficultt for chiti n to deform s imply by adjacent sheets sliding past one
another, since interference between acetyl groups on neighboring chains
would tend to occur. In introducing the notion that the deformation of chi-
tinn and ch i tosan is a defect-controlled process, it is suggested that de-
fect propagation provides a lower energy means by which chains may slide
over one another.

TYPES OF LATTICE DEFECT

Lattice defects are described in terms of the symmetry operati ons that
they perform on the regular unstrained lattice. Three types of symmetry
operations may be performed; translational, rotational and screw oper a-
ti ons . Defects associated with these operations are di s'locations associ a-
ted with translational, disclinations associated with rotational and dis-
pi rations associated with screw syvvnetry operations .
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Dislocations

There are two basic types of dislocation, the edge and the screw dislo-
cation. These may be illustrated as in Fig. 2. which shows a cylinder of
material wi th a single cut a long its length and the cut faces displaced
relative to one another. The edge dislocation  Fig, Za.'! is formed by dis-
placingg the cut faces in a direction perpendicular to the axis of the
cylinder, the dislocation line. The screw dislocation  Fig. Zb.! is formed
by displacing the cut faces parallel to the dislocation line, A dis'loca-
tionn is specifi ed by its dislocation line and its Burgers vector, denoted
b, which specifies the magnitude of the displacement and its direction
relative to the dis location line. In three-dimensional crystals, disloca-
tions are line defects, and in two-dimensional crystals are point defects.

Uisclinations

There are two basic types of disclination, the twist disclination and
the wedge disclination, as illustrated in Fig . 3, In the twist disclina-
ti on   Fig. 3a . !, the rotation axis ~ is perpendicular to the di scli nation
'line. In the wedge disclination, which is formed by adding or removing a
wedge of material from the lattice, the rotation axis is parallel to the
disclination line.

The wedge di scli nation is generally only of interest i n two-dimensional
structures such as membranes, as the s train energy can be very high   1 2 !.
Twist disclinations of small angle have been discussed with reference to
polymer malecules �9! and can be applied to chitins.

~Dis Irati ~ s

Several types of dispirations are possible, of which the twist co-
dispiration illustrated in Fig. 4 is the type most likely to be of interest
in polymer deformation. The defect is specified by a rotation about an
axis ~ perpendicular to the dispiration line and a Burgers vector b para'I-
'lel to w. Kink models of defects in polyethylene chains are essentially
defects of thi s type �3! .

It is possible for all three types of defect to exist in chitins, chito-
sans and other polysaccharide molecules. In such molecules it is con-
venient to consider two further classes of defect:

a! Defects affecting inter-molecular forces and bonds.
b! Defects affecting intra-axrlecular bonds.

Defects in the inter-molecular arrangement are important because they
could affect the packing, the degree of crystallinity of a given prepara-
tion and, in addition, could allow chains to slide over one another more
easily, hence influence the mechanical properties, Intra-molecular bond
defects can affect the morphology of individual chains and give rise to
bends in the cha~n.

INTER-MOLECLILAR DEFECTS

Dislocations

For crystalline polyethylene, four types of dislocation have been sug-
gested � 7 !, which are illustrated in Fig, 5. Types a and b are screw and
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edge dislocations respectively, with their Burgers vectors normal to the
rhain direction. Therefore, for a well-orientated fiber system with a
tensile load applied in the fiber direction, these particular defects
would not account for any elongation. If the fiber were twisted, however,
such defects could contribute to torsional flow. Types c and d are screw
and edge dislocations respectively, with Burgers vectors parallel to the
chain axis; propagation of these could cause chains to slip over each
other and contribute to the elongation of the fiber,

Similar ki nds of defects have been discussed with reference to the de-
formationn of nylon �5!, which is similar to chitin i n that it has a struc-
ture composed of aggregaces of hydrogen-bonded sheets held by van der
Waals forces. It has been shown that such defects can be generated by
chain ends in the crystal, an example of which is shown in Fig. 6. An
array of such defects can lead to considerable distortion of the crystal-
line lattice. Such defects could easily be accommodated in chitins and
chitosans. The chain-end defect, of Fig. 6, represents a chain termina-
tion within a hydrogen-bonded sheet. Another form could be a sheet ter-
minating within an aggregate, which would give rise to stacking faults in
an anti-parallel arrangement, as illustrated in Fig. 7. The possibility
of such faults in chitin-sheet arrangements has been discussed �0!,

Besides defects affecting the van der Waafs bonding arrangement, other
forms could affect the intra-sheet hydrogen bonding. The most probable
forms are the screw dislocation similar to Fig. 5a and the edge disloca-
tion similar to fig. 5d. The screw dislocation would be more likely in
parallel chain struc tures because in anti-parallel structures, the Burgers
vector would be large, and the defect would have to span two chai ns to be a
symmetry operation. The edge dislocation is of more interest, however, as
its presence would cause a disruption in crystalline order and its propa-
gation could allow chains to slide over one another. The defect is illus-
trated in Fig. 8 and, if it occurs in a single pile of chains, is a point
defect. To accommodate such a defect, the normal structure would have to
be deformed as shown in Fig. S,and it is easier to accosmioWiate if some of
the residues are in conformations other than the favored C conformation
 labelled B in Fig. 8!. If some residues were to crystallize in a terna-
tive conformations during the soli dification process, then it is quite
possible that some of these edge-dislocation defects could be formed.
Slip of this type of defect and hence chain sliding could occur by break-
ing only two hydrogen bonds at a time; this process would require far
smaller forces than would be required to slide chains over each other
bodi ly.

Defects, such as those shown in Fig. B, could occur readily in materials
such as chitins and chitosans which consist of stacked hydrogen-bonded
chains, but less readily in other polysacchari des, such as cellulose, in
which the strain energies would be much greater.

Aggregations of edge dislocations could lead to the formation of low-
angle grain boundaries or small-angle wedge disclinations, in much the same
way as such defects can be formed in metals, Fig. g �1!. The presence of
such aggregations could, therefore, influence the crystalline order,

Di s cling t ions

It is improbable that large-angle di sclinations will be present in cellu-
lose or chitin preparations, since their strain energies are likely to be
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prohibitively large; but smail angle wedge disclinations such as those of
Fig, 9, and small- angle twist disclinations could exist,

Small-angle twist disci inations are more likely to influence the mechan-
ical properties of chitins and chitosans through their influence on the
crystallinity of the material and as sources of mobile defects, rather than
through their own mobility. From potential energy maps of 0-linked paly-
saccharides �7! it appears that the lowest energy conformations for chi-
tins have a slight right-handed twist. �1!. This implies that the normal
crystalline form of chitins and chitosans, in which the chains are not
twisted, contain small-angle twist disclinations. It would be expected,
therefore, that high chain density preparations would be more crystalline
than low-density preparations since, in the latter, the chains could tend
to adopt a lower energy twisted form, Yany naturally occurring protein/
chitin complexes such as soft cuticles in which the chitin-voIume fraction
is relatively low are, in fact, much less crystalline than hard cuticle.
Chitin extracted from soft cuticle can be made to appear more crystalline
and produce c'1ear x-ray diffraction patterns by stretching it �0!. This
is a fairly standard procedure for preparing such cuticle for diffraction
work. The effect of stretching produces strain-induced crystallization
which probably involves aggregation of chains into sheets and the removal
of the twist.

~05 tlons

From Fig. 1 it can be seen that a symmetry operation of a eh~tin chain
within a hydrogen-bonded sheet is a trans'lation of one residue in the b
direction followed by a rotation of radians about the b axis. The defecc
which involves this operation is the dispiration similar to that in Fig.
4. Such a defect in a stack of chitin chains is illustrated in Fig. 10.
The defect involves the disruption of two hydrogen bonds as does the edge
dislocation of Fig. 8. Again, some lattice strain is produced by the de-
fect, but this is less than that produced by the edge dislocation. It
would be expected that this kind of dispiration defect. is mobile, and its
propagation would cause sliding of the chain containing the defect past
the others fn the stack.

It is possible to accommodate such defects in other polysaccharides
such as celluloses. However, as each chain in cellulose is hydrogen
bonded to four others, rather than two as i n the case of chi tins, much more
distortion of the surrounding structure would be produced, and, consequent-
ly, its ease of propagation would be reduced.

INTRA-CHAIN DEFECTS

The intra-chain hydrogen-bond defect of greatest interest is the point-
defect-edge d~slocation, which is capable of changing the topology of an
individual polysaccharide chain in much the same way as has been suggested
for polypeptide fibers �3!. This kind of defect is best described by con-
sidering the polysaccharide chain to be a helical cylindrica! crystal.
Conformational energy maps of 8-linked polysaccharides �7! suggest that.
three helical forms are possible: a helix with two residues per turn, one
with five residues in two turns, and one with three residues per turn. In
the native state, the helix with two res i dues per turn is the mos t abun-
dantt, but puly-D-1,4'-xylan haS been fOund tO exist in the three-reSidueS-
per-turn form �2 !. It has been s uggested that the addition compound of
chitin with NaOH also exists in this form �1!, It will be shown on the
following page that the different helical forms are related and may be
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inter-converted by the passage of intra-chain hydrogen-bond edge disloca-
tions. It will be further suggested that bends in polysaccharide chains
are formed by short regions of higher order helices.

The formal geometry of cylindrical crystals has been developed and ap-
plied to crystals such as viral tail sheaths �3!. Similar conventions
and notations wi 1 1 be used ro describe polysaccharide helices. Any cyli n-
drical crystal can be represented on a 2-dimensional plane. The plane
representation is developed by imagining the crystal to be a roller, i nk-
ing in equivalent lattice points and printing these onto the plane.
Fig. Il shows the equivalent 2-0 representation for a polysaccharide chain
using the C< atoms as the reference points. The basic plane lattice is
represented by the vectors a f a2, al representing the hydrogen bonding
sense of the lattice and a2 representing the covalent bonding, Within the
basic lattice framework, particular topological forms are described by the
vectors Cl, C2 ...C where:!' 2 ''' x

C = ril al ll2 a2

nl and n2 heine inteqers.
A particular topoloqica'I form can be made from the reference lattice by

r ol linc a portion of the lattice into a cylinder such that C is a circum-x
ference of the cylinder. Lattice points connected by C are thus identicalx
points in the cylindrical crysta'I. A further conventirrn that is adopted is
to form the cylindrical crystal from the plane such that the edges to be
,ioined are folded away from the observer, i.e., a crystal with characteris-
tic vector C3, when formed from the plane lattice, has C3 as a clockwise
dir:cted circle and is a riqht-handed helix, the lattice with characteris-
tic vector C being a left-handed helix.-3

For a particular lattice characterized by its base vectors, the topolog-
ical form of a particular crystal is spec~fied by the integers nl and n2.
From Fig. 11 for a polysaccharide helix, nl refers to the number of chains
in the helix and n2 to the hydrogen-bond topology. For the materials being
discussed, each helix contains only one chain,and nl is thus unity and the
helical forms can be described by n2 alone. Thus, the right-handed helix
with h residues in two turns, described by the characteristic vector C2 in
Fig, 11, is a �!-helix. The helix with three residues per turn, represen-
ted by C, is the �!-helix, and the equivalent left-handed forms are de-

noteo  Q2- and  -3!-helices respectively. The usual form with two residues
per turn is the  - 1!-helix, as right-and left � handed forms are equivalent.
Polysaccharide helices of the �!,  -2! and �!-forms are il'lustrated in Fig.
12.

Two main kinds of lattice deformation may occur: metrical contractions
and topological contractions. In a metrical contraction, the vectors al,
a2 and C are chanqed, leaving n2 and, hence, the order of the hei'ixx
unchanged. Helical forms, such as the seven � residue-per-turn helical
structure that has been proposed for cellulose �5!, are metrical



150

contractions of the �!-helix. Topological contractions of the lattice
leave the base vectors unchanged but alter C and n2 and, hence, changex
the topology of the crystal. Topological contractions can be brought
about by the glide of edge dislocations with Burgers vectors, such as b2
and b3 in Fig. 11. Fig. 13 shows the structure of an edge dislocation at
the 3unction between a  -2! and  -3!-helix, and is, in effect, a non-
hydrogen-bonded Hl atom. The defect is mobile and may propagate through
the lattice by a process of breaking and re-forming hydrogen bonds one at
a time. If the defect propagates in the direction A, the whole helix will
be transformed to a  -2!-helix, and if it propagates in the direction B,
the remaini ng  -2! -helical regions wi 1 1 be converted to  -3 ! -helix� .

Bend structures in polysaccharide chai ns may be described in terms of
this kind of defect . Fig. 14 illustrates a bend formed by a short section
of  -2!-helix, and Fig. 15 a bend formed by a section of  -3!-helix. Both
these structures are analogous to corresponding structures in proteins
�8,34!, Formally, the  -2! bend contained two edge dislocations o  oppo-
site sign ~ one negatively charged formed by a non-hydrogen bonded O
and the other positively charged due to a non-bonded H3 atom. The  -3 !
bend of Fig. 15 contains four edge dislocations, two positively and two
negatively charged.

As with the single edge dislocation of Fig. l3, the edge dislocations
forming bends are capable of movement by glide. This property of struc-
tures contai ning bends could thus partially, at least, account for the
relatively low strength of preparations of polysacchari des containing bends
as distinct from straight chain structures, since glide of dislocations and
movement of the bends could give rise to the yield point. In regenerated
celluloses such as rayon, bends have been observed �0!, and these materials
characteristically exhibit yield points in tension, have lower tensile
strengths and greater elongations to failure than the native materials.

It is likely that regenerated chitins, although they are allegedly in
the crystallographic a form �3!, are essentially structures containing
bends, whereas native chi tins which have much greater strengths �5! are
straight chain materials. This is probably a further reason why chitosans
formed from lower viscosity solutions are weaker than those formed from
high viscosity solutions �3!, since there is more chance for bend forma-
tion to take place in the former .

DISCUSSION

Some of the types of defects to be expected in polysaccharide molecules
have been described above, together with their possible ro'le in deformation
processes, The overall process of deformation is, however, likely to be
far more complex and incapable of simple explanation in defect terms. Over-
all gross deformation of a chitin probably involves the creation and mobili-
ty of a number of different types of defects and interactions between them,
It is unlikely. therefore, that any quantitative estimates of behavior can
be obtained by only considering defect processes in these materials. How-
ever, a knowledge of the kinds of likely defects present in these materials
may be useful and may suggest methods by which strength may be improved.
The strongest. materials are the native materials. These most likely are
straight chain materials containing very few bends or mobile defects. Com-
parisonn of the mechanica 1 properties of nati ve ch i tins and eel 1 uloses, how-
ever, indicates that although the elastic moduli are fairly similar, the
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strength of the chitin is less, since they show we'Il-defined yield and
plastic flow regions. This can probably be explained in terms of the
dislocation and disclination defects described previously, since these
defects are r'elatively easy to form in chitin structures but less easy to
form 1n celluloses, where each chain is hydrogen bonded to four near neigh-
bors rather than the two of chitin, which renders chitin sheets inherently
more f'1 ex i b1 e.

The bend -type defects probably play a large role fn the crystallization
of regenerated materials from solution and on the subsequent mechan1cal
properties. A good illustration of the effect of bends in the structure
is provided by the mechanical strength of chitin formed from 8-chitin
treated in 6N HCI. Although the material is crystallographically a-chitin,
bends must form during the 505 length contraction that occurs on transfor-
mation. The resultant material is mechanically much weaker than the origi-
nal a-chitin or native a-chitin, and the HC1 material shows yield and flow
behavior almost as soon as a tensile stress is applied.

To strengthen materials, either al l the defects should be removed or
the defects should be rendered immobile. The first solution is probably
not really feasible as defects are almost certain to be formed during any
crystallization procedure, although with careful solidification from
suitable solvents their number could be significantly reduced. Rendering
defects frmrobfle is probably more feasible. Most of the defects descrfbed
above characteristically involve the presence of non-hydrogen-bonded atoms
that are normally hydrogen bonded and, consequently, many of the defects
possess a small charge. This indfcates that it might be possible to bind
other larger charged groups to defect sites, If these were suffic1ently
tightly bound, such groups could block defect movement and raise the yield
points of the materials� . Further experimental work along these lines is
therefor e 1ndi cated before the relatively weak chi tosans can be used commer-
cially as load-bearing fibers.
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Figure 6, Screw dislocation formed by a chain end in a
crystalline polymer,
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I S LOC AT I ON

H - DISLOCAT ION

Figure 14. Bend in a polysaccharide chain formed by resi-
dues in the  -2!-helix conformation.
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Figure 15. Hend in a polysaccharide chain farmed by
residues in the  -3!-helix conformation,
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BULK AND SOLUTION PROPERTIES OF CHITDSAN*

L. 8. Filar and M. G. Wirick
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Wi l mi ng ton, De 1 awa re 19899

ABSTRACT

Chitosan is a collective term applied to deacetylated chitins in vari-
ous stages of deacetyla tion and depolymerization. If chi tin is considered
a polymer of N-acetyl gl ucosamine residues exc'1 us i vely, its degree of de-
acetylation can be estimated from simple analytical data. Although a
specific degree of deacetylation above which the polymer is completely
solub1e is difficult to define, chitosan samples 75K or more deacetylated
dissolve readily in dilute organic acids to give solutions containing few,
if any, swollen gel particles� . Such solutions are clear, homogeneous and
viscous, the viscosi ty being a function of the molecular weight of the
polymer, its concentrati on and the particular aci d--and its concentration--
used as a solvent.

Much of the cormercial potential of chi tosan stems from its solubility
behavior and from the properties of aqueous solutions of the polymer. In
selected applications, it may compete with established wa ter-soluble poly-
mers, such as cellulose derivatives, natural gums and microbial polysaccha-
ri des . As a basis for selecting speci fic applications in which to i nves ti-
gate the possib1e commercial uses for chi tosan, a number of its properti es
in bulk and in solution have been investigated. Specific properties
covered in this paper include the following.

1 . Equi librium Moisture Content as a Function of Relative Humidity
2. Solubi1ity

3. Organic Solvent Compatibility

4. Salt. Tolerance

5. Viscosity as a Function of Concentration
6, Viscosity as a Function of Temperature

INTRODUCTION

Although chitosan and some of its intriguing properties have been known
for many years �,2,5!, the polymer has remained until recently little more
than a laboratory curiosity, The reasons for the chemical industry's in-
ability or unwillingness to exploit the polymer have been primarily economic,
especially as they are affected by the logistics of gathering chitin, the
precursor of chitosan, in sufficient quantity at a cost that is not prohibi-
tive. Chitin is widely distributed in nature in crustaceans, in insects and
in certain fungi, but it is only those organisms which offer an incentive
for commercial harvesting that can provide the volume of chitin needed to
make chitosan a product of industrial importance. Thus only the shellfish-
ing industry, through its catch of such species as shrimp, blue crab and
king crab, affords the potential for economical gathering of commercial
quantities of chitin in the form of the largely unwanted shells of these

*Ilercules Research Center Contribution No. 1697.
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marine delicacies. Even here, however, we have had to wait for the
evolution of at least a par tial centralization of the industry in the form
of processing plants, so that large quantities of shell are available at
relatively few sites. More recently, ecological concern about the dispo-
sition of huge amounts of shell and the growing desire to use most effec-
tively all the resources available from the sea have added incentive to
use chitin or its derivatives to the best advantage.

Chitosan might be expected to oerform functions in aqueous systems
identical to those performed by such a'lready established polymers as
carboxymethyl cellulose  CMC!, hydroxyethyl or hydroxypropyl cellulose,
and methy! cellulose. Because it is insoluble at pl-I above about 5.5,
chitosan functions only in acid systems to show possible utility as
a thickener, stabilizer, suspending anent or film former.

Although ther e may be some ques tion about whether all the amino groups
are acetyla ted, chitin is generally accepted to be a linear polymer com-
prised of 2-acetylamino-0 glucose units. Chitosan, however, is less easily
defined in terms of its exact chemical composition� . The term "ch i tosan "
may be cons i dered as referri ng to a family of polymers deri ved from chi ti n
that has been deacetylated to provide sufficient free amino groups to ren-
der the polymer soluble in certain aqueous acid systems. The exact degree
of deacetyl ation required to render a polymer soluble is not readily de-
termined, and it undoubtedly varies with such factors as po'lymer molecular
weight, tempera ture, and concentration and nature of the acid species, For
the purposes of this paper, we are defining chi tosan as chitin that has
been 80-85% deacetyla ted, or whi ch contai ns about 7,5-8, 2'l by wei ght of
free amine functionaliry.

Measurement of primary amine has several advantages over meas urement of
residual acetyl: it is simply and accurately measured by titration; it is
a di rect measure of the functionality of the polymer; and, as shown in
Figure 1, it is a much more sensitive measure of the degree of deacetyla-
tion than i s ana lysis for nitrogen .

For this work, we have selected three molecular-weight ranges of chi to-
san, defined in terms of solution vi scosi ty. These viscosity types were
selected as representative of ranges we consider most gener'ally useful in
various applications and which could readily be produced on a commercia'I
scale from shrimp shell. The viscosi ty ranges are:

High--1000 cps . minimum, lr polymer in 1X acetic acid.
Medium--100-250 cps., 14 polymer in 1X acetic acid.
Low--25- 70 cps ., 2X polymer in 2% acetic acid .

Intermediate viscosity types are possible, if there is a demonstra ted need.

Betailed analytical data, typical of the samples used in this work, are
given in Table 1,
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Table 1 . Compos i tion of Chi tosan Samples

Viscosity Grade

Noisture, t

Analytical Oata  Dry Easis!

Low14ediumHi gh

8,12.39.8

8. 418.17 7.79'X N

X Ash  as CaCO>! 1.21.9 0,81

8. 137,34 7.76f NH2

4.66 3.89'A Acetyl

X NH2  Ash free!

Est. 4 Oeacetylated

8. 237.827,48

82.579.5

Solution Properties

Viscosity, cps. 501802780

a1% polymer in 1% acetic acid.
b2X polymer in 2% acetic acid.

E X PE RIME NTAL

Solutions of polymer were prepared by slurrying a weighed amount in a
volume of distilled water equal to half that of the desired volume of
polymer solution. The same volume of acid solution of twice the concentra-
tion finally desired was then added, and the mixture was stirred for about
30 minutes,

Viscosities of polymer solutions wer e determined with a Brookfield LVT
viscometer.

Amine content was measured on solutions of the polymer in 0.03 14 HCl.
The solutions were ti trated with 0,5 M NaOH, and ami ne content was calcula-
ted from the volume of standard base consumed between inflection points at
pH 4.4 and 8,5 �!,

Acetyl content was measured by the terminal methyl method � !.

RESULTS

~5o1 bil it

Chitosan is insoluble in water, alkalis and organic solvents but soluble
in many dilute aqueous organic acids at concentrations in the range of 0.25
to 10%  at pH levels below 6!. These acids include formic. acetic,
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propionic, oxalic, malonic, succinic, adipic, lactic, pyruvic, ma11c,
tartaric and citric. Chitosan is also soluble in dilute �% concentration
or less! nitric and hydrochloric acids, marginally soluble in 0.5% H3PO4,
and insoluble in H2SO4 at any concentration at room temperature. Water
saturated with CO2 is not sufficiently acidic to dissolve, or even swell,
this polymer, Formic acid is the best solvent overall; good solutions
are obtained in aqueous systems conta1ning 0,2 to 1007, of this acid.

The limited acid-concentration range in which chitosan is soluble in
cheap. widely used mineral acids such as hydrochloric and sulfur1c will
restrict the utility of the polymer in certain important industrial appli-
cations. For instance, the petroleum industry uses large quantities of
polymer in acid fracturing, where 157 HCl is the dissolving medium. The
insolubility of chitosan at HCl concentrations greater than about ll would
appear to eliminate th 1 s polymer as a potential candidate in this impor-
tant market.

Acetic acid has been selected as the standard solvent for solution
property measurements. Except for very low viscosity chitosans, solutions
are prepared at a concentration of 1% in 'll acid. To facilitate dissolu-
tion, the polymer is f1rst dispersed in an amount of water equal to
one-hal f the final solution volume, and then an equal volume of 2X acetic
acid is added with good agitation. Normally such a so'lution has a pff of
4.0 + 0.3. Since the viscosity of acetic-acid solut1ons of chitosan
varies with acid concentration, viscosity comparisons are made at pH '4-
Thus, in the case of a low viscosity polymer. 2% solutions are prepared in
2X acetic acid to achieve this approximate pH level.

Solvent com atibili t

As previously mentioned, chi tosan is not soluble in any common organic
solvents  including dimethyl formamide and dimethyl sulfoxide!, but it does
swell in acidified polyols. It dissolves readily in 3:1 qlycerol:water
when the mixture contains 1% acetic acid; the resulting solution is clear,
colorless and very viscous, Ethylene glycol behaves similarly, except that
the solution produced is less viscous. A blend of 29% water, 1% HOAc, and
7OX sorbitol with 1% ch1tosan gels when agitated. Aqueous chitosan solu-
tions, properly acidified, will tolerate appreciable quantities of polar
organic solvents, as indicated by the data in Table 2. The chitosan used
in these tests was high viscosity, and the polymer concentration was 1 l.

Organic solvents appear to exert very little effect on chi tosan-solution
viscosity except 1n the case of polyols. The composition containing gly-
cerol can be described as a jelly, while that containing sorbitol is a
semirigid gel. Glycerol acidified with HOAc  99% glycerine plus 1X glacial
acetic acid, by volume! functions as a near-solvent w1thout any water.
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Maximum X Solvent for K Acetic Acid Solution Pro erties
solvent c ~ 1 t co otio11it ~nvolone viscos'tyic. ~H

2480 4, 1

2400 4. 1

3440 4.15

50

50

40

2020 4.2

7600 4.0

6000D 4.1

40

80

14600070

2780 4.1Water
 for comparison!

Salt tolerance

The solution properties of chitosan are normally determined in 1% acetic
acid at a polymer concentration of 1%; under these conditions, as previous-
ly indicated, solution pH is approximately 4. For this reason, salt com-
patibility studies were also made at pH 4, Salt solutions were adjusted to
this level of acidity with acetic acid at a final salt concentration of
10K. A 10-ml. portion of each of these solutions was then mixed with 1 ml.
of a standard 1% chitosan solution.

Since chitosan behaves as a cationic polymer in acid solution, sodium
salts were used--almost exclusively--in compatibility studies to explore
the effect of various anions . A few ni trates of certain metals recognized
as complexi ng agents were also included to exami ne the effect of these
multivalent cations. Of all the salts considered, only sodium sulfate pre-
cipitated chitosan. The following salts were all compatib1e at the 10K
concentration level:

Sodium

Aluminum
Calcium
Chromic
Cupric
Ferric

Nitrate

Methanol

Ethanol

Isopropanol

Acetone

Ethylene Glycol

Glycerol

Sorbitol

Table 2. Chitosan-Solution Tolerance for
Common Water-Miscible Solvents

Acetate
Bromide
Chloride
Citrate
Forma te
Ni trate
Ni tri te
Phosphate, Dibasic
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Viscosit as a function of concentration

The effect of polymer concentration on solution viscosity is shown on
Figure 2. Solution pH was adjusted to A with acetic acid. The slopes of
the curves for the different viscosity types are similar to those of com-
parable types of cellulose ethers.

Yiscosit as a function of tern erature

The same chitosan solutions that were prepared for viscosity-
concentration measurements were used in viscosity-temperature studies,
Viscosity was determined at several concentration levels for each chitosan
over the temperature range 25 to 60'C., as shown in Figure 3. Al'I solu-
tions appeared to undergo viscosity loss at about the same relative rate
with increasing temperature, regardless of concentration. Again, the
solution-viscosity behavior of chitosan resembles that. of the cellulose
ethers, rather than that of certain other polysacchari des s uch as xanthan
gum.

Effect of H and salt addition on solution viscosit

The viscosity of chitosan solutions in acetic acid varies with acid
concentra tion. This phenomenon is undoubtedly due to a change in molecular
configuration� . In a low densi ty ionic environments as pH is reduced,
chitosan mol ecules uncoil and assume a more elongated or rod-1 ike shape .
The equi librium -NH2 + H+ ~ -NH3+ is driven to the right, and the mutual re-
pulsionn of the charged groups supp'lies the uncoiling force . The magnitude
of the viscosity change can be reduced ei ther by using a Isore highly
ionized acid as a solvent or by adding a salt to an acetic-acid solution,

The effect of salt addition is indicated by the difference between the
two curves in Figure 4. The salt increases pH and minimizes viscosity
variation, especially for acid concentrations above 2f  i .e ., below a pH of
apprOximately 4!. The Same effeCt may be aChieved by uSing a dilute,
highly ionized acid--such as HC1--as a solvent,

E ui librium moisture content as a function of relative humi di t

0uplicate samples of chitosan were vacuum-dried and exposed to atmos-
pheres of 20, 51 and 795 RH at 25'C.  water vapor in equilibrium with
saturated solutions of KC2H302, Ca N03
. 4 H20, and NH4C1, respectively!.

After sample weight equilibrium was established, dry weights were de-
termined following a 3-hour heating period at 105'C. Results are depicted
graphically in Figure 5,

Obviously the equilibrium moisture content  from 7.6-10,2 to 21-22% for
the humidity range considered! of chi tosan is a function of relative humi-
dity, but it is not affected appreciably by sample molecular weight
 viscosity grade!. I.-grade material does absorb more moisture than the
higher vi scosi ty grades, but the difference is significant only at the lower
humidity levels. The greater affinity of the low viscosity sample for mois-
ture can be rationalized in terms of lower average molecular chain length
and higher degree of deacetylation  higher concentration of NH2 groups!.
The reason for the higher moisture absorbance of H-grade compared to M-grade
chi tosan at 20K RE is not clear,
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The equilibrium moisture content of these chitosans is comparable with
that of carboxymethyl cellulose of D.S. 4.

The viscosity stability of chitosan and CMC solutions was compared at
pH 3 and 4 under accelerated aging conditions, Duplicate 1 percent solu-
tionss were adjusted to the proper pH wi th acetic acid and then oven-aged
for 5 days at 60'C. The average viscosity retention of these solutions
under these condi ti ons is listed in Table 3.

Table 3. Summary of Viscosity Data on
Solutions Aged 5 Days at 60'C.

V' 't
0 iriiaai Fi ai Retai ed

Est. 'X
~Detect lated

~At H 4
No.

79. 5

70. 5

~At H 3

Polymer samples

Same as above

The king-crab chitosan has the best viscosity stability of the samples
considered in this study, The estimated degree of deacetylation  from its
-NH2 content! of this sample is 70.5X--nearly 10% lower than that of the
other sample, This compositional difference may account for its better
performance in this compar ison, or its stability may be inherent in some
subtle difference between shrimp and crab chitins.

In a separate experiment, a 14 solution of chitosan in 1% acetic acid
 pH 4.0! was shelf-aged at room temperature  ~25'C.! for 16 weeks. At the
end of this period, its viscosity had dropped from 2900 to 1000 cp., a loss
of 65K.
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ABSTRACT

Chitin, a cellulose-like polymer becoming available from crab and
shrimp shell waste, is be1ng investigated as a potential source of foods
wrapping film and specialty fi laments, to capi tali ze on its toughness and
bioacceptabi li ty, In exploratory studies, a new group of i nert tertiary
amide solvent systems for chitin has been discovered, which has facilita-
ted the solution, purification and characterization of this intractable
material.

One of the novel chi tin solvents, dimethylacetamide containing 5X
lithium chloride, has been used in the comparison of six chi tins from
marine sour ces, including the non-calcified horseshoe crab, with respect
to solubility, solution viscosity and optical activity. The letter is a
very sensi ti ve indicator of sample history. All of the chi tins were of
high molecular weight  over 400,000!, but mild conditions of acid and
alkali treatments and of drying are believed requisite for high quality
chitin . Good sol ub11i ty, the leva optical rotation of natural chitin, and
minimal deacetylation appear important for the preparation of strong films
and filaments,

INTRODUCTION

Possible applications of chitin include films and filaments
 g!, tobacco extender �,30!, nutrient for crayfish and cattle <17,25,26!.
and wound-healing accelerator �7!. Chitin  poly-N-acetylglucosamine! can
be deacetylated readily to form chitosan, an effective cation-active
b1nder and coagulant �,23!, However, the investigation of ch1tin has
long been plagued by its intractability . Common solvents are the strong
mineral acids and concentrated salt solutions, which may degrade or de-
nature the chitin or are difficult to handle.

In our initial studies on chitin utilization, an effort was made to
find a better solvent that wou!d lend itself to the ready purification of
chi tin, to the meaurement of' its physical properties, and to the prepara-
t1on of continuous films and filaments . Several acid systems modified
with organic solvents, such as chloroethanol and sulfuric acid �! and
m1xtures containing trichlor acetic acid  TCA! �,9! were found useful.
With anhydrous systems involving TCA and chloral, the ability of chi ti n to
be dissolved, reprecipi tated and converted into its natural f1brous form
 renatured! was established, and high-strength, cold-drawn filaments were
prepared for the first time  9!. Both natural and renatured chitin show a
high degree of crystalline order. Certain fluor1nated compounds, hexa-
fluoro-2 propanol and hexa-fluoroacetone sesquihydrate have also been
found to d1ssolve ch1tin  8,29!. However, all of the above solvents leave
much to be desired,and the search for an 1nert organic medium has been
continued.
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Fro!n the investigation of over 200 mixtures, two tertiary amide systems
N, N-dimethyl acetamide  DNAc!-I.iCI and N-methyl-2-pyr roli done  NMP!-Li CI,
were found to be the best inert solvents for chitin. The solvent's power
is derived from the addition of LiCl, as the two liquids alone are only
swelling agents for chitin, Tertiary amide solvents with salts have been
used for the dissolution of highly crystalline poly-amides �9!. The
LiCI apparently reduces or breaks the crystalline forces, such as hydro-
gen bonding, by association with the polymer and solvent �4!.

The choice of a representative chitin for property determination in
the inert solvent system also presents a problem, as chitin is not a
chemica'I entity, but a product defined by its source and method of isola-
tionn. It is readily susceptible to degradation by hydrolysis of its
g'Iycoside linkages or acetyl groups, or by denaturing from over-heating
or other harsh treatment. There is no well-established, standard chitin.
Acco di gly, th ho seshoe ab, Lieu! s ~c1 he us, was sale ted io
chitin preparation and characterization tests because it lacks calcium
carbonate, and acid treatment can be avoided. In addition, five crusta-
cean chi tins isolated by alternate acidic and alkaline treatments were
chosen for comparison because of their species differences and variation
in ability to form renatured films or fibers  9!. A range of chemical and
physical properties was selected on which to base critical comparisons,
including solubility, molecular weight, optical activity, acetyl va Iue and
the tensile strength of films and fibers prepared from the several chitins.

MATERIALS AND METHODS

Chitin sources and isolation

Li ul s ~o1 h s  ho se hoe C ab!. !lead Li ul ~ ere coll ted at
Lewes, Delaware; carapaces were separated, ground to chips and washed,
The shel I material �0 g! was placed in 500 ml of 5C NaOH at 25'C for five
hours to hydrolyze and dissolve the associated protein. The chitin was
filtered, rinsed, resuspended in 200 ml of 5X NaOH and stirred for twelve
hours. It was again filtered, rinsed until neutral and air dried. The
yield of chitin was 5.5 g or 27.5X,

Callinectes ~sa idus  Blue Crab!. Live crabs were caught at Lewes,
Delaware, and killed by inm!ersion in 2-propanol . The carapaces were im-
mersed in 5X NaOH for eighteen hours to remove the tissue remains, rinsed
until neutral and then ground. To 500 ml of 5X acetic acid  pH 2.5!, 7 g
of the ground mater~al were added, the mixture was stirred for five hours,
filtered, and the product rinsed. The chitin was placed in 500 ml of
fresh 5Ã acetic acid for an additional five hours at room temperature,
then filtered and washed until neutraI, The chitin sti'Il contained a pink
color so the chitin was resuspended in 2N HCl for two hours at room tem-
perature, filtered, washed until neutral and air dried. The yield was 1 g
or 14.3%.

Chionecetes ~o i 1 io  Japanese Red Crab!. This chitin was obtained from
2 t Kodak Co p y  Lot P72-S!. Caoce ~1ster  bu ge e s crab! aod
Pendalis borealis  Alaskan Pink Shri~mp chitins were obtained through the
courtesy of the Food, Chemical and Research I aboratory  FCRL!, Seattle,
Washington. The isolation procedure involved a caustic treatment to remove
the protein, followed by aqueous HCl and hot-air drying �3!. Penaeus
aztecus  Brown Shrimp! chitin was kindly provided by Hercules, Inc. The



material was prepared by successive treatments of shell with 1.5% HCl at
room temperature and 2K NaOH at 60'C, with drying under ambient conditions.

Anal tical methods

Nitrogen was determined by Micro-Analysis, !nc., Ni lmington, Delawabe,
using the Kjeldahl method. Analyses for ash were made by heating samples
at 700'C for six hours. For moisture determination, a sample of each
chitin  about 0.3 g! was conditioned in a desiccator over si!ica gel
overnight. The residua'! moisture was then determined by the weight loss
of the sample after drying in a vacuum oven �00'C, 23" Hg vac! for seven
hours. A fine stream of air, dried by silica gel, was allowed to flow
through the oven to remove the mois ture, For solubilities, a 0.25 g
sample of chitin was stirred in 50 ml DMAc-SX LiCl for 1,5 hour at room
temperature, filtered through wool felt, and the dissolved chitin precipi-
tated with acetone, washed four times with water and dried.

Acetyl value was based on hydrolysis of the acetyl groups by strong alkali,
and thei r convers i on to aceti c acid. The acetic aci d was distilled off as
an azeotrope wi th water and ti trated, The sample of chitin � .1 g! and 40
ml of' 50%%d NaOH was refluxed for 1.5 hours; 25 ml of H3PQ4  conc. 85%! was
added carefully to the flask. The mixture was then fractionally disti!led
using a Vi greux column . As the distilling flask began to go dry, 1 5 m7 of
hot distilled water was added to the flask  care!!. This step was re-
peated unti! 250 ml of distillate was collected, Aliquots �5 ml! of the
distillate were titrated with 0.01 N NaOH using phenolpthalein as an indi-
cator, and the value extrapolated to the total volume of the distillate.
Finely divided filter paper  cellulose! was used as a blank. The percent
acetyl of chitin was determined by the following equation �6!:

ml 0.01N NaOH, corrected x 0.4305 x 10 x 100 g CH Cp
weight of sample ' "300

For optical activity, the observed rotation, e, of each chitin was
measured in the N,N-dimethylacetamide  DMAc!-SX LiCl solution using a
Polyscience Polarimeter Model SR 6. The solutions were filtered through
felt and centrifuged before the rotations were observed. The rotations  e!
were measured to the nearest 0.1' and converted to specific rotations by
the equation:

{a] = e/lc where c = conc. in g/ml and 1 = cell length25
D in decimeters

The concentration was determined by precipitation of the chitin from an
aliquot of the solution with acetone, filtration and rinsing with acetone,
and drying, Several water washes were used to remove the LiC1 from the
precipitate .

The intrinsic viscosities and molecular weights were determined using a
Cannon- Fenske Viscometer  size 100! giving a solvent efflex time greater
than 100 seconds. The temperature was maintained at 30.0'C  +0.02!.
Either N,N-dimethylacetami de  DMAc!- SC LiCl or N-methyl-pyrroli done
 NMP!- SX LiCl was used as a solvent. For the viscosity determi nations,
0.23 g of chi tin was stirred in 50 ml of solvent for 1,5 hours. The mixture
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was filtered through wool felt and then filter paper  Whatman iI1!,
Seven ml of this solution were placed in the viscometer and equilibrated
to the temperature of the bath for 15 minutes. Three efflux times were de-
termined, which agreed within 1.0% of their mean, The concentration of
the solution was determined by the same method as for optical activity.
The solution was removed from the tube and diluted for the next run. The
procedure was repeated for three different concentrations.

The ratio of the efflux tine for the solution, t, to that of the sol-
vent, to, provides a means of converting time to relative viscosity
 nrel t/to!, specific viscosity, ns =  t-t ! /t, and the inherent vis-
cosity, n;nh =  ln nrel! /c �1!. To determine the intrinsic viscosity,
plots of nsp/c versus c  concentration! and n;nh versus c are made on the
same graph, The common intercept at c = 0 of the best straight lines
through the two sets of points is the intrinsic viscosity [n]. The best
straight lines were determined by regression analysis.

The intrinsic viscosity is related to molecular weight by a modified
Staudinger equation �!

 .nj = KM� 1

K, a = constants; Mvol = M� = average mo'lecular weight. The constants in
the equati on for the molecular weight must be determined by an independent
method, in conjunction with measuring the viscosi ty of those solutions� .
This has not been done for chitin, but Lee �6! obtained the constants for
a chitosan  acetyl 9.1%! in 0.2M acetic acid/0,1 M sodium chloride/4 M urea.
Assuming that these are close to the values of chitin, a normal asgumpti on
for related classes of polymers, the constants are: K = 8.93 x 10 ~;
a = 0.71.

Tensile-strength measurements were made on fibers prepared using the
OMAc-5X LiC1 system. To 60 ml of the solvent, 3.0 g of chitin were added
and stirred for two hours, The solution was filtered through wool felt,
and extruded from a syringe through a 15-gauge needle into an acetone
bath, After 15 minutes, the fiber was placed into a fresh bath. One-half
hour from the extrusion time, the fiber was gently pulled to stretch it
and aid in the acetone washes which were required to harden the fiber.
After the acetone washes the fiber was dried in air for 15 minutes. During
this time the fiber was cold drawn by hand to orient the material along the
fiber axis . After the drying and orienti ng step, the fiber was washed with
de-ionized water several times to remote the LiCl.

To determine the tensile s trength of the fibers 3 cm sections were
mounted with epoxy glue between emery paper tabs. The samples were condi-
tioned in a 605 humidify chamber a t room temperature for 48 hours . The
samples were run on an Instron TT-CM Tensile Testing machine using a 2000 g
load cell and the stress being applied at 0.1 cm/min.

RESULTS AND DISCUSSION

Solubilit of chitin

Two tertiary amide systems, N,N-dimethylacetamide  DMAc-5X LiC1! and
N-methyl-2-pyrrolidone  NMP!-5K LiC1, appeared to be the best incr t
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solvents for chitin and were used throughout the study. Chitins from dif-
ferent sources show variations in their solubilities and other properties
in DMAc-5t LiC1  Table 1!. Variations in molecular weight usually produce
differences in solubility, with high molecular-weight fractions being less
soluble �!. The solubility of chitin does not appear limi ted by molecular
weight, as that from Limulus, with the highest molecular weight, is also
quite soluble.

Chitosan  partially deacetylated Dungeness-crab chitin which is soluble
in dilute acetic acid! from Food, Chemical and Research Laboratories   FCRL!
was found to be insoluble in the DMAc-5K LiC1. A major difference,
chemically, between chi tin and chi tosan is the degree of acetylati on of the
polymer, The acetyl group may be the site of interaction with the solvent
�4! and may control the solubility. The more soluble chitins, from brown
shri mp, Li mulus and red crab, have higher acetyl values, while the two less
soluble, except Dungeness crab, have 'lower acetyl values. The low solubil-
ity of Dungeness-crab chitin was due tc the formation of wollen gel par-
ticIes, which were removed by filtration. Such particles are formed when a
polymer becomes crosslinked, in this case perhaps by high drying tempera-
ture.

Table 1. Solution Properties of Chitins in DMAc-5X LiCl

Mol, Wt, Opt: Act.
m1/ * ~x106

X Sol,
MaterialChitin

82 25.6 1.8 -56Limulus

Blue Crab

Red Crab

23.0 1.6 +3358

76 22.3 1,3 +23

0.6 NA

0.4 +75

0.8 -39

12.5

9.2

13.2

3DDungeness Crab

Pink Shrimp

Brown Shrimp

62

92

*Linear regression, 'In n 1/concentrationrel

Both of the above systems were found to be superior to other solvents
because of the stability of the dissolved chitin. After 48 days, a red'
crab-chitin solution retai ned its high viscosity essentia I ly unchanged .

Molecular wei ht

The molecular weights derived from the intrinsic viscosities of the six
chitins in DPc-5K LiC'I gave a wide range of values. The Limulus chitin
 MW 1.8 x 10 !, having been isolated by an alkaline treatment only, pro-
duced the highest molecular w~ight or the least depo'lymerization. The
bIue-crab chitin  MW l.6 x 10 ! was isolated by a relatively mild acid
treatment,and it, too, has a substantial molecular weight. The three chi-
tins from the semi-comnercial processes; pink shrimp  MW 0.4 x 106!,
Dungeness crab  MW 0,6 x 106! and brown shrimp  MW 0.8 x 106! are lower in
molecular weight probably due to a harsher acidic isolation process.
Similar intrinsic viscosities tor the pink-shrimp and Dungeness-crab ch i tins
were obtained using NMP-5X LiC1, verifying the low values. The molecular
weigh ts of the six chi ti n sources are all sufficiently high to produce re-
natured films and fibers.
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The red-crab chitin had an intermediate molecular weight �.3 x 106! ~
but scattered results were obtained for every intrinsic viscosity determin-
ation with this chitin. The scattered results may be due to the shearing
effect of the polymer on the walls of the viscometer, as the polymer flows
through The capillary tube. For polymers of high molecular weight
 >1 x 10o!, this can be corrected for, but was not in this study,

The molecu1ar weights obtained are comparable to those of the litera-
ture. Lee �6! using f'ormic acid as a solvent in the viscosity measure-
ments, determined the molecular weight of squid-pen chitin to be
2.5 x 10o. Lee's value was obtained by measuring the reduction of the
intrinsic viscosity over tfme, and extrapo1ating back to zero time.
Hackman and Goldberg �4! found a molecular weight of 1,0 x 10o for crab
 ~Sc 1 la serrata! chi tin ~ using light scattering with the chitin dispersed
in an aqueous salt solution.

The optical activi ty for chi ti n has been reported as [a] II5 = -14' in
hydrochloric acid but, due to glycoside hydrolysis to glucosami ne hydro-
chloride, slowly changed to +56' �5!. With the use of the inert solvent
 DI4Ac-5t LiCl! that does not hydrolyze the glycoside linkageg a wide range
of optical activities was found  Table 1!, varying from [a] $ = -56' for
Limulus chftin to +75' for that from pink shrimp. This behavior suggests
that, depending upon the chitin isolation method, there may be epimeri zation
of glycoside linkages, loss of helical structure, possibly with deacetyla-
tion and reduced hydrogen bonding, or a combfnation of both �8,20,22,28!,

This conformation change may be very significant to film and fiber for-
mation and to biologfcal activity, a'I1 of which may require the native
levo form for optimum efficacy. Optical activity thus affords a very sen-
sitiveve test of sample his tory and perhaps a requisite specification for
these applicatfons.

Of corollary i ntereSt, a Sample Of Chi rOSan  LOt aq, FCRL! teSted i n 2l
acetic-acid solution had an optical rotation value of approximately
[~] P = +30'.

A~cec 1

The acetyl group provides the site for the interchain hydrogen bonding
which imparts strength to chitin products. This is evidenced by the
superior strength of chitin over chitosan �!. The acetyl values  Table 2!
indicate that all the chitins have been deacetylated to varying degrees.
Even the Limulus chitin, which was isolated under mild conditions, has lost
approximately one acetyl group per five monomer units. Chitin from brown
shrimp had an even higher acetyl value �0.7!; the reason is unknown, but
may be related to a species difference or to the details of the mild con-
ditions employed for its iSOlation. The literature indicates that the
acetyl group is susceptible to strong acids and alkali �2!, but is unaf-
fected by SX alkali �6!. From the degree of deacetylation which occurred
in the Limulus sample, even 5'5 alkali may deacetyIate the chitin.

The ratio of one deacetylated monomer for every five or six acetylated
monomers is a comion phenomenon with chitin �1!. Hackman and Goldberg
�3! believe that ft is a natural occurrence, possibly the site of protein
bonding. The true nature of this ratio is difficult to confirm due to the
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deacetylation which occurs during the isolation, as was seen with Limulus.
Chitin that was isolated from crayfish without acids or <rlkali has yielded
an acetyl value of 21.9 �2!, which refutes the existence of the natural
one-to-six ratio  acety1 18.3'L!, but it does support the supposition that
even dilute alkali may cause deacetylation. Note also that brown-shrimp
chitin showed only minimal deacetylation  acetyl 20.7!   able 2!.

The one-to-six ratio may be a function of the position of the acetyl
group on every sixth monomer group. The chains of chitin, still associa-
ted wr'th protein, are helical, and every sixth rironorrier unit produces a
distinct x-ray periodicity �8!. Upon treatment with dilute alkali �~!,
this periodicity is lost, possibly due to the removal of the acetyl group
on every sixth monomer unit, which probably projects out away from the
chain, making it more susceptible Lo chemical attack.

The acetyl value helps to distinguish between chitin and chitosan,
which is soluble in dilute acetic acid �-3'!. Lee  'l6! reported a
chitosan with an acetyl value of 12.4, which is close to the acetyl value
for the pink-shrimp chitin �3,8!. The pink-shrimp chitin is not soluble
in dilute acetic acid; yet,at some point between these two samples is the
boundary between chitin and chitosan,

Nitro en content

A val~e for nitrogen higher than the theoretical 6.9 is an indication
of deacetylation,whereas a lower value is an indication of hydrolytic
deamination or contamination in the product. Protein not removed during
isolation of the chitin could also account for a nitrogen value higher
than the theoretical.

Percent

Moisture
b Ash A~cet 1Chitin

17.27.2 2.8 1.9Limulus

8tue Crab 6.7 2.9 4,0

Red Cr'ab 7.1 2.4 D.7

15.0

I6.6

D.8 13.8

0.6 20.7

21.2

Calc'd, on ash- and moisture-free product

bAve. of 3 determinations

Ave. of 2 determinations

dValues provided by supplier

Dungeness Crab

Pink Shrimp
d

Brown Shrimp

Theoretical

Tab1e 2. Analyses of the Various Chitins

8.3 3.6

7.6 2,9

6.8 7,6

6.9
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The nitrogen values for the examined chi tins complement the acetyl
values  Table 2!. Specific structural units can be assigned to the
Limul us and pi nk- shrimp chi tins based on the ni trogen and acetyl values .
The Limulus fits a structure with one glucosamine to 5 N-acetyl glucosa-
mine units, and the pink shrimp fits one with a 2: 5 ra ti o.

If!oisture and ash values

The ash content of chi tin gives an indication of the effectiveness of
the isolation method in removing carbona tes  Table 2!. The Dungeness crab,
d ~gist, hit n crmtained tire h'ghent a on t f nh. hich led to
some problems in determining the optical activity of the samples by the
appearance of a cloudy precipitate, removed by centrifuging. The Li ion
appears to react with the remaining carbonates to form insoluble Li2C03.

The residual moisture of the five chitin samples was similar. The
values range from 2-4% and are low compared to the usual literature values
of 5-10'C �,16,31!. The difference was possibly due to the isolation
methods affecting the crysta'I linity of the material. The water residing
in the amorphous regions of the polymer is easily exchanged, as opposed to
that in the crystalline region �3!. The methods of the Iiterature often
use higher temperatures  >70'C! for isolation ot the chitin. The heating
of chitin may cause denaturation by intertwining the chains and destroying
the crystallinity, The Dungeness crab chitin exhibited insoluble, swollen
particles resulting in the low percentage of soluble material. and the
h ~ gher residual moi s ture.

The tensile strength of the chi tins was tested to determine if the
properties investigated had any relationship to the strength of the re-
natured products . High-quality crystalline polymers should have greater
strength due to the more regular structure which allows for greater inter-
chain bonding.

Chitin has a high degree of crystallinity which is required to produce
films and fibers with the capability of being oriented or cold drawn �!.
The cold drawing is an orientation process by an external force, and the
orientation increases the strength of the material. The fibers from each
chitin source could be cold drawn,and the degree of drawing was reflected
in the strength of the renatured films and fibers  Table 3!.

To produce fibers with hi gh tensile strength, the chitin must be iso-
lated with minimal hydrolysis of glycosidic or acetyl groups, as indicated
by the Limulus values. However, difficulty arises if one tries to rank the
other chi tins as to their total degradation. Each type of degradation af-
fectss the polymer., and the combination of these effects causes the var ia-
bi li ty of the tensile strengths . 1t is recogni zed also that fiber proper-
ties are highly dependent upon the details of spinni ng, renaturing and
drying conditions, and that development oF optimum values will require much
further study.
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Table 3. Tensile Strength of Renatured Chitin Films and Fibers

Tensile Strength
2

Cold Drawn
Chitin

NA 60Limul us

Blue Crab 22, 17

35, 31

32

24

24

Table 4. Property Correlation of the Chitins

 �
5
D

60

21

Chitin

Limulus

Blue Crab

Red Crab

-56

+33

+23 35

32

24

24

Dungeness Crab

Pink Shrimp

Brown Shrimp

+75

-39

CONCLUSIONS

1. The two tertiary amide solvent systems, DMAc-Sy. LiCl and
NMP-5l LiC'I, provide media in which chitin is not hydrolyzed. Comparative
solution measurements of solubility, intri nsi c viscosity and optical activ-
ityy are all i ndicative of functional properties important for chitin fi'Ims
and fibers,

2. All chi tins renatured trom this system farmed films and fibers that
cauld be cold drawn, indicating a good degree of crystalline order. The
molecular weights of the chi tins are so high that appreciable depolymeri za-
tion can be tolerated for film and fiber preparation if other conditions
are mild; denaturing is avoided and solubility maintai ned,

3 . Chitin is a sensitive material and may be degraded in several ways:
by hydrolytic depalymerization, deacetylation, and heat denaturing with
loss of physical properti es . The degradati on may be mi nimi zed by isolation
of the polymer under mild conditions of pH and temperature,

4. The treatment of chitin with strong acids causes a change in the
optical activity of solutions from the natural leva rotation toward a
dextrorotatory value. With the careful preparation of chitin under mild
condi tions, the native structure can be retained, This structural

Red Crab

Dungeness Crab

Pink Shrimp

Brown Shrimp

NA: Not Available

So'I,

82

58

76

30

62

92

83, 45

114, 154, 116

52, 52

50, 60, 55

123> 123

Acetyl

17.2

15.0

16,6

15.8

13.8

20.7
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conformation is believed important in such applicatians for chitin as
wound healing and the preparation af films and filaments.

5. The horseshoe-crab carapace provides a source of superior chitin
for renaturing, A commercial sample of chitin from brawn shrimp isa!ated
under mi'!d conditions also appears of high quality as judged by compara-
tive analytical values. However, the persistent variation in properties
observed among isolates gives further evidence that there is a family of
chi tins, each chitin sample must be characterized by its source and
critical physical properties, including solubi'1ity, acetyl value, so!ution
viscosity and optical rotation.
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ABSTRACT

Chitasan farms nan-Newtonian solutions in aqueous oxalic acid which,
when allowed ta stand at room temperature, become thermoreversible gels.
Similar gel formation has not been observed wi th chi tosan in any other
solvent except dichloraacetic acid, in which the gel formation occurs but
is much weaker than in oxalic acid  Hayes and Davies, these Proceedings!.
Gel-sol transi tion points are reported and discussed i n terms of a theory
proposed by El dri dge and Ferry � ! as modified by Harrison et al .  9!, If
two chains are considered to be involved in each junction point, the heat
absorbed in farming one mole of junction points is -29 kJ, It is proposed
that chi tosan mal ecules in solution normally exi st in a random coif con-
fiquration, but that in the presence of oxalic acid they form double helices,
thus crea ti ng crossli nks whi ch eventually lead ta gel formation .

INTRODUCTION

Hirano �1,12,13! has reported that chitosan farms thermally stable gels
when it is dissolved in a carboxylic acid and treated with the correspond-
ing anhydride. These gels presumably consist of the polyhydrates of the
partially acetyl ated chitosan, and they are considered ta be simi'iar ta
cer tain cellu'iose qels. In this paper, we report the format~on of a ther-
mal ly reversible gel in aqueous oxalic acid and suggest a possible struc-
ture for i t.

EXPERIMENTAL

The chi tosan used in most of these studies i s commercial chi tosan  th i s
is sample K2 in Hayes and Davies, these Proceedings! purchased from the
Kypro Company of Seattle  which has incorporated the Food, Chemicals and
Research Laboratory!. A sample of chitosan was also prepared by refluxing
50 g af chitin purchased from the Kypro Company in 2.4 1 of 40%  wt/wt!
sodium hydroxide for six hours, Both of these samples had identical mass
spectra.

Samples of chitosan were homogenized in IOK  wt/vol! aqueous oxalic acid
with a Palytron homogenizer and allowed ta sit until a gel formed, The gel
was melted in a sealed flask, and the solutions were poured into 25 ml
graduated cylinders which were set aside until the gei had reformed.

A modified form of the procedure proposed by Paul �6! was employed to
determi ne the gel- sol transition pai nts . Because the mercury drops he
suggested proved too dense far aur samples, steel ball beari ngs were
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inserted under the sur face of the gels. The graduated cylinders containing
the gels were sealed and placed in an oil bath to equilibrate at a tempera-
ture approximately 10 degrees below the transition temperature. The tem-
perature of the bath was then increased, and the position ot the ball bear-
ing was determined every 3 minutes as a function of temperature. The
transition temperature of the sample was taken to be at the break in the
position-temperature curve. Several ball bearings of different weights
were employed, and the gel-sol transition temperature was obtained by
extrapolating to zero weight.

RESULTS

Chitosan forms non-Newtonian solutions in 10%  wt/vol! aqueous oxalic
acid   Hayes, Davi es, Munroe, these Proceedings! . When these solutions are
allowed to stand at room temperature, thermoreversible ge ls are formed. A
solution containing more than 7l chi tosan will gel in less than a day, and
a 3X solution will gel in about three weeks. As the gel forms, its color
changes from gold to beige. The gels reform much faster after they have
been melted, and the new gels are more grayish in color. In no case are
the gels completely homogeneous, since some small flakes do not dissolve,
but the reformed gels are much more homogeneous than the original ones.
The addition of iodine to the solution produces a thermoreversible blue
color at a rate comparable to the rate of gel formation . Similar results
have been reported for polyvinyl- alcohol-Congo-red gels �!.

It is difficult to obtain accurate gel-sol transition points because
the gels are not homogeneous and because the rate at which the oil bath
heated varied somewhat. Since only relative melting poi nts are requi red,
however, we have accepted those results for which the slope of the, melting
point versus weight of the bal'I-bearing line was 2,0 ' 0,4 deg. g
These results for comnercial chi tosan are shown in Figure 1 together with
the line obtained from a least-squares fit. The average deviation of a
point from the line is 0.5', and the maximum devia tion is 1'. Similar re-
sults were obtained by using the average of a number of determinations of
the transi tion temperature . The gel-sol transition temperatures for 1 0%
solutions of commercial ch i tosan and for the chitosan whi ch we prepared are
93,2'C and 104'C respectively.

Intrinsic viscosities are obtai ned by plotting  C/nsp! against vc and
extrapolating to zero concentration, i . e., by employing the equation

~ns = A
C 1+ BJI.

whi ch is generally valid for polyelec trolyte solutions� . The i ntrinsi c vis-
cositiess for commercial chi tosan and for the sample which we prepared are
10.8 and 13.2 ml/g, respectiveIy, in 24 acetic acid.

DISCUSSION

Harrison and his co-workers  9! have extended the previous treatment of
gels �! to a situation in which each network point in the gel involves n
chains, Under these condi ti ons,

 
a Zn C $ AH

1/T !/ N T~IR �!
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where c is the concentration of chitosan in the gel, Tm the gel-sol transi-
tion temperature, M the molecular weight of the polymer, and aH the
enthalpy involved in the formation of one mole of junction points, For
commercial chitosan, aH is equal to -29 kJ mol-' if n=2. This value is
comparable with the results obtained for polyvinylchlorfde gels of various
molecular weights for which aH varied from -26 to -45 kJ mol-'  9! and is
very close in magnitude to the activation energy of 23 kJ mol ' reported
for the unfolding process of o.gelatin �!.

At constant concentration, the variation of the gel-sol transition tem-
perature with molecular weight is given by the equation  9!

 
aknM

1/T !!c R �!

where the symbols have the same significance as in equation 2, On the
basis of equation 3, the chitosan that we prepared should have a molecular
weight about 30K greater than that of our sample of cortrnercial chitosan.
This difference in molecular weight could easily result from differences in
the preparations, since it is known that, if the treatment with sodium hy-
droxide is extended after the degree of acetylation has reached a constant
value, the viscosity of the chitosan solution contfnues to decrease with
time �5!. We have also observed that different samples of cormhercfal
chitOsan have markedly different properties  Hayes and i3avies, these
Proceedings!. Eased on this result, the constant "a" in the equation

Ln] �!

has a value of 0.8 for chitosan in 2X acetic acid. Since the value of a
varies from zero to unity as the polymer chai n changes from being coiled
into a ball to being kinked in a random manner, and since one would expect
a polyelectrolyte in a dilute solution to be rather extended, this value
seems to be reasonable. As it fs based on only one measurement, however,
it must be considered as a preliminary result,

Many polysaccharides have very striking properties as gels in vitro,
and studies of gel formation have been reported for the r. and
>-Carrageenans �,4! and for hyaluronic acid  a linear polydisaccharide of
the form -G-N-, in which G is glucuronic acid and N is N-acetylglucosamine
L5]!, In all these cases, the spectroscopic data and/or the x-ray diffrac-
tion data suggest a double helical model for the gel. Beltman and Lyklema
�! have also proposed a helical structure for polyvinyl-alcohol � Congo-red
gels since, when i odine i s added to the solutions, a thermoreversi bl e blue
color is produced at a rate comparable to the rate of gelarion. This phe-
nomenon is also observed with thermoreversible chftosan gels. Dea et al.
�! have postulated that the hyaluronic-acid molecules exist mainly in the
random-coil form in solution with a slight degree of crossli nking by double
helices and that gels form when the number of crossli nks is i ncreased .
This postulate is suppor ted by the observation that there is no evidence of
heat absorption due to the melting of gelatin gels �!.

The acetyl amino groups play a very important role i n the bonding of
chi ti n, and the propertf es of chi tosan are very dependent on the degree of de-
acetylation �!, The presence of these residual groups is also essential
for qel formation, because in princip'le it is impossible for a true homo-
polymer to form a thermoreversible gel �7!, We have no information on the
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types of bonding present in the gel, nor do we know the role of the oxalic
acid, While it has been postulated that the main function of gelling
agents is to promote the formation of a superstructure �!, the oxalic acid
may be more intimately invo'Ived in the helix, since gels are not formed in
the presence of other carboxylic acids.

We propose that chi tosan molecules in solution normally exist in a
random-coil configuration, but that in the presence of oxalic acid they
form double helices, thus creating crossl inks that lead to the formation
of a thermally reversible gel.

SUGGESTIONS FOR FURTHER WORK

There is evidence that prolonged treatment with sodium hydroxide �5!,
the formation of derivations  8!, and even so'Iution in acids  8,14! cause
chain scission in chitosan. Recent work by Hirano et al. �0! suggests
that extensive chain scission occurs in the cycle chitin-chitosan-N-
acetylchitosan, since, while they have identical IR spectra, the
N-acetylchitosan is soluble in formic acid while the original chitin is
not. It should therefore be possible to prepare samples of "chitosan"
havirrg various rrolecular weights and degrees of acetylation. We hope to
improve our techniques and to study gel formation as a function of these
parameters,hy determining gel-sol transition temperatures ~ intrinsic vis-
cosities [ * C !- NMR spectra �!, optica'I rotations �,'ID!, mass spectra,
degrees of deacetylation  Hayes and Davies, these Proceedings!, and the
rates of gel formation.
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FILM-FORMING CAPABILITY OF CHITOSAN

B, L. Averbach

Professor of Materials Science
Massachusetts Institute of Technology

ABSTRACT

The formation of films and fibers from chitosan is dependent on the
structure of the bulk chitosan from which it is cast. The structure of
the bulk chitosan is related, in turn, to the processing steps used in pre-
paring chi ti n and chi tosan from the shell, and it may be influenced to some
extent by the species of crustacea used as the s tarti ng material. The de-
acetylation procedure appears to be a critical step, i' that sufficient
acetyl qroups must be removed to allow the chi tosan to dissolve in dilute
organic acids, but the process must not be carried far enough to reduce the
polymer chain Ieng th excessively . Viscosity measurements of a standard
dilute solution of the polymer in acetic acid can be used as a rough indica-
tion of the degree of polymer deqradation, if the raw materials and the
processing steps are closely controlled. It has been found, however, that
viscosi ty alone is not a good cri terion for film formation, because the in-
clusion of smalI inhomoqenei ties from the starting material can greatly in-
fluence the viscosity. The film-forming qua'Ii ties appear to correlate well
wi th the struc ture as defined by x-ray diffracti on, which is i ndi ca ti ve of
the molecular structure of the polymer.

Tough flexible films, wi th a tensile strength of 20,000 psi and an e'Ion-
gation of 6 percent, have been cast from di'lute acetic or formic acid solu-
tions. These films are virtually impervious to air and water,

IN1RODUCTION

The frlm-forming qualities of chitosan were recognized eariy, and the
basic technique for the casting of films and fibers was outlined by Rigby
�,5!, Two patents were granted to Rigby simultaneously, and the second of
these �! describes the following procedure for making films and fibers,
The chitosan is dissolved in a weak organic acid, typically acetic or formic
acid at about 2~ concentration by weight, This forms a suitably viscous
solution, and the film is cast onto a smooth surface. At this point the
chitosan is in the form of a complex salt, which has been formed with the
dissolving acid, and the anion must be removed if the chi tosan is to exhibit
any resistance to water. Two procedures for doing this are given. In the
fi rst, the fi Im is heated to about 90'C to remove the volatile acid com-
ponent. In the second, the fi'lm is first dried at a lower temperature and
then irmrrersed in a weak caustic solution; the excess acid is neutralized and
the soluble products are washed out by rinsi ng in water, The resultant
films are described as f'lexible, tough, transparent and clear with a tensile
strength of about 9000 psi.

Very similar procedures are descri bed by Muzzarel 1 i   2! for the cast-
ingg of chitosan films� . In the latter procedure, however, the chi tosan was
dissolved in 65; formic acid, cast, and neutralized with 1 N I<aOH.
These films were a'Iso clear and flexible, with a tensile strength of 10,000
psi � kg/mrrrZ!, but without any appreciable elongation. There have been
other reports of the fiber and film formation by Rutherford and Austin
 see these Proceedings!, but these were formed by the direct dissolution of
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chitin in dimethy'lacetamide containing N lithium chloride. Fibers have
also been prepared from a chitin viscose �! which was prepared by irrmier-
sing chitin in a 40'W  w/w! aqueous solution of sodium hydroxide for two
hours at 11-13'C, The resultant material was dried, pulverized and frozen
at -20'C for 10 hours. Carbon disulfide was then poured in and the xantho-
genate reaction praceeded for 15 hours at 30'C. The contents were then
dissolved in 4-5'%%d sodium hydroxide at O'C, and then frozen at -20'C for
5 hours. The solution was then warmed to 0-5'C and spun into fiber. In
some instances, urea was added to the viscose solution to improve the spin-
ning. The resultant chitin fibers had a high modulus and exhibited a
ramie-like feeling which was considered quite desirable. These fibers
appear to be very promising and cou'ld lead to a variety of new applicatians
which would take advantage of the unique properties of chitin.

1'here were some early indications, however, that the process used in
making the chitosan could have a significant effect on the film-forming
properties, Rigby �! cautions that the deacetylation step should be con-
tinued until a product at least swo'lien by, but preferably soluble in,
dilute acetic acid is obtained, but it should not be continued to the point
where the material becomes degraded. Since several of the other processing
steps ran also cause degradatian, it is evident that care must be exercised
in the production of chitosan in order to achieve reproducible film forming
characteristics. It appears that only a partial deacetylation can be car-
ried aut if polymer degradation is to be avoided, and this step in the pro-
cess must be subjected to very careful control. Enough acetyl groups must
be removed so that the material wil l be dissolved in the acid used for
casting, yet it must not be carried to the point where the polymer is de-
graded sufficiently to make film and fiber formation difficult.

Deciding whether chitosan has gone into solution can also be troublesome.
If a high speed blender or violent agitation is used, the apparent solubili-
ty wi 11 be enhanced over the same material under mild stirring conditions.
There are indications that the polymer may be degraded by shear and the
resultant solution has different properties than the original material. It
has also been noted that a solution which is apparently homogeneous on solu-
tion may separate on standing into layers with substantially different vis-
cosities es . In most cases it appears that these materials were not homo-
geneous, probably because of uneven deacetylation.

It has became evident in the course of our work on film formation that
chi tosan can be made in a vari ety of ways and that only some of these pro-
ducts are suitable for film and fiber casting, We attempted to correlate
the film formation with the structure of the s tarting material by means of
x- ray diffraction patterns, by viscosity measurements and by molecular
weight determinations, No single method was definitive, but a combination
of data provided considerable insight into the requirements for film forma-
tion. The requir ements outlined by Ri gby are still va'lid, but the proces-
sing must be very carefully controlled in order to achieve solubility
without degradation of the polymer .

~Ilk cos I

Approximately 20 samples of chitosan were obtained fram various sources.
In some instances, these were samples of production lots or pilot-plant
runs, and in others, small batches were made in the laboratory. Most of the
material was produced from various species of crab, but a few were derived
from shrimp shells. Some of the samples retained considerable red
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coloration, some were almost white, and a few were brownish. The resultant
films, however, were most always clear, but in a few cases there was a
color tint to the film. It should be emphasized that many of the batches
were made specifically for this program and no inference should be drawn
on the quality of a particular chi tosan reported here since it may not be
representative of the normal output,

Viscosity measurements were made with a Brookfield viscosimeter using
the No. 1 and 2 spindles at various speeds. The results were generally
consistent, but in some of the viscous solutions there was considerable
scatter. Solutions containing 1 gm of chitosan, 2 g af either formic or
acetic acid and distilled water to make 100 ml of solution were used for
most measurements. This solution has been adopted as a standard for vis-
cosity measurements by several investigators in the U.S. In Japan, how-
ever, a so'lution containing 0.5 g chitosan and 0.5 ~ acid is more common,
and measurements were made of these solutions for comparison. Each solu-
tion was stirred lightly with a small mechanical mixer and left overnight.

The samples exhibited a very large range of viscosities from a low of
19 to a high of 13,200 in formic acid  Table 1! and from 13 to 8950 in
acetic acid, In general, the samples were ranked in about the same order
in formic acid and in acetic acid. The viscosity readings were consistent-
ly high in formic acid, and this is ascribed to the greater ease of solu-
tion of the polymer in the formic acid. It was also noted that several of
the solutions were not homogeneous, and this appeared to be caused by the
presence of very small lumps of material which were only partially dis-
solved. This was probably the result of incomplete deacetylation, although
the inhomogeneous solutions were not always the most viscous,

The viscosity data did not correlate well with the film-forming charac-
teristics. Apparently, high viscosity did not always indicate long polymer
chain lengths, which should have enhanced film formation. In some cases,
the x -ray diffraction patterns indicated that high viscosities were pro-
duced by material which had a component with a structure close to that of
the original chitin, !n other cases, high viscosities were obtained wi th-
out these crysta lli te peaks, but the solutions were not homogeneous and
contained translucent gel-like particles . In same i nstances the solutionS
were clear and homogeneous, and in these instances we assumed that high
viscosities corresponded to lang polymer chain lengths.

The chi tosans represented in Table 1 were experimental lots prepared for
a variety of additional tes ts. For example, N-l, - 2 and -3 were used in a
study of molecular weight distribution by Bough and Coworkers �!. The FCRL
lots were used in processing studies, and J-1 and J-2 were produced in
special ba tches . These data illustrate, however, the difficulties of ob-
tainingng and char acteri zing a standard chi tosan .

Film formation

Films were cast from these materials, but it was saon evident that the
casting techniques were dependent on the nature af the chi tosan, Samples
J- 1 and J-2 produced films of good quality by the following procedure . Four
grams of chitosan were dissolved in 4 gms of formic or acetic acid in 100 m1
of solution. The solutions were stored and allowed ta stand overnight, The
viscosities of these solutions were approximately 1500-2000 cps. Films were
cast on polyethylene or glass and allowed to dry at 35-40'C. These films
were then spread onto palyerhylene ar stretched over a f'rame, and dried at
65'C. These films were tough, clear and very flexible.
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acetic acidformic acid

YiscosityViscosity
~cBatch ObservationsObservations

2801>050

1,5004,260J-2

140R-1 30

27FCRL-7 19

M-2

M-3

5850

13,200 8,950

260177

225 182

king crab,
T-1

2,167 1,260

squid
homogeneous935

Sources of chitosan: J-1 and J-2 from Kyowa Oil and Fat Co.;
R-1 from Rousselot; FCRL-7, blue crab I and 9, king crab
T-1 from Food Chemical and Research Laboratory; shrimp-1
and L-2 from Marine Commodities; M-l, -3 and -4 from Or.
Wayne Bough, Sea Grant Program, University of Georgia.

shrimp-1

shrimp L-2

blue crab 1

blue crab 9

Table 1

Yiscosity of Chitosan Solutions

1 g chi tosan, 2 g acid, 100 ml water

Brookfield Yiscosimeter

homogeneous

homogeneous

homogeneous

homogeneous

60 homogeneous 75

62 homogeneous 300

142 inhomogeneous 5,100

homogeneous

inhomogeneous

homogeneous

inhomogeneous

inhomogeneous

homogeneous

homogeneous

homogeneous

homogeneous

homogeneous

homogeneous

nonhomogeneous

homogeneous

inhomogeneous

inhomogeneous

inhomogeneous

inhomogeneous
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The same casting procedure was not successful with R-1 and F-7. We were
eventually able to dissolve these materials in 40 pct formic acid by heat-
ing gently at about 35-40'C. This material was then cast, dried, and
treated with NaOH as in the procedure for the other samples. The resultant
films were clear but not quite as flexible as the J-series. We concluded
that these materials had been deacetylated somewhat less than the others
and that the higher strength acid was required to dissolve the residual
chitinous structure. The resultant polymer may have thus had a sho~ter
chain length,and the film forming characteristics were thus different.

The samples M-l, -2 and -3 were studied in detail by Bough and co-
workers, The samples were made from dry shr imp hulls. Iieproteinization
was carried out in 1 5 NaOH  w/w! solutions for 30 min. at 100 C. Ii-I was
not demineralized; deacetylation was carried out in a 50K NaOH  w/w! solu-
tion at 143"C for 15, min. in a ratio of 10 parts of 507,  w/w! solution
to 1 part chitin on a dry-weight basis. The molecular weigl-ts and nitrogen
contents are given in Table 2. This sample could not be cast into films,
and it appeared that the high mineral content interfered with the film for-
mation. Samples M-2 and -3 differed only in the time of deacetylation.
The shrimp shel ts were deproteinized as above in IX NaOH for 30 min, at
80'C, Oemineralization was accomplished with 0.5 N HCl for 15 minutes at
room temperature. The mineral content is mainly in the form of calcium
carbonate,and a three-fold excess to the stoichiometric amount of calcium
carbonate was used. The shells were washed to neutrality and dried at
103'C for 3-4 hours. Removal of the acetyl group was accomplished by
boiling in 50'X  w/w! NaOI-I at 143'C as described above. Sample II-2 was
deacetylated for 15 minutes, and sample M-3 was deacetylated for 5 minutes,
The nitrogen and ash contents were determined by Bough, and these are given
in Table 2. The molecular weights were also determined by high pressure
liquid chromatography  HPI 0!, and these data are also listed in Table 2.*

It is interesting to note that the nitrogen and ash contents for M4 and
-3 were not very different. Both the weight average, Mw, and the number
average, Mn, molecular weights were lower for the longer deacetyla tion
times . There was a large difference in viscosity, however, and the sample
with the longer deacetylation time was considerably less viscous than the
other .

As indicated earlier, sample M-1 could not be cast into films, probably
because of the high mineral content. M-3 was also a poor film former. The
material gelled but aIso formed lumps which eventually dried into a hard
brittle mass. M-2 formed films which were transparent, flexible and free of
lumps, However, these films were not as ductile as those formed from sample
J-2 . Films from M-2 exhibited an elongation of about 3 pct, whereas those
from J-2 exhibited about 6-pct elongation.

The best films were obtained from the J-2 chitosan. This was made by
Kyowa Fat and Oil Co., Ltd. from a single species, the scarlet queen crab,
as a special batch. The usual material, represented by J-l, is a blend of
chitosans produced from several speci es of crabs . Although reasonably good
films were obtained from J-I, there was some tendency for the formation of
lumps around some translucent gel-like particles.

The R-l chi tosan formed good films, but these tended to be somewhat weaker.
The remaining samples were not good film formers and tended to form brittle
masses.

These data were obtained by W.A. Bough and A. Wu in the course of t'heir
work under Sea Grant Program No. 04-6-158-44115.
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Table 2

Physical and Chemical Characteristics of Chitosans

Bough et al. �!

�0s!
Vi scosi ty

cps
Sample Ash Hitrogen

�0s!

I4-1* 14. 3 6. 24

IUI-2 0,27 7.33

I4-3 0. 09 7. 48

711121760

62 5181663

5842909142

22315201052

J-2 20316854260

R-1 31530

This sample was not demineralized, and contained about 31
pct less chitosan than the other samples.
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The conditions for good film formation cannot be deduced from viscosity
data alone. In some instances, where incomplete deacetylation occurs because
of the added thickness of some of the chitin flakes, the chitosan may be
deacetylated on the exterior and only partially deacetylated at the in-
teriov. When such particles are dissolved in weak acid a suspension of par-
ticles will occur, with the swoIlen cores of these particles suspended in
a colloidal system. This suspension will exhibit a very high viscosity,
but this high viscosity will not be indicative of a high molecular weight
or a long polymer chain length. The presence of these swollen and micro-
crystalline particles adversely affects the film forming properties, and
they must be avoided if good films and fibers are to be formed. At the
other extreme, the deacetylation of ch1tosan can be carried to the po1nt
where all of the material goes into solution readily, forming a solut1on of
very low v1scosity. These materials are also poor film formers and form
brittle masses or fragile f1lms on drying. The Iow viscos1ties in these
cases appear to be indicative that the molecular weight is also low. The
best films were formed from clear solutions with a viscosity of about 1500
cps. These films were clear, tough and flexible  Table 3! and were very
resistant to moist~re.

The mechanica'I properties of the chitosan films are shown in Table 3.
The films were .002- .004 in . thick and were tested in the form of stv ip 1
in. wide and 6 in. long . The relative humidi ty at the time of testing was
approxi mately 50 pct. The strongest and most ductile fi Ims weve formed
from the J-2 chitosan . Films from low-vi scosi ty chi tosaos tended to be
brittle,and chitosans with intermediate viscosities fell in between.

X-ra diffraction

X-ray diffraction patterns were obtained on samples of the flake chito-
san used in the film-casting experiments. Monochromatic CrKa radiation was
used,and the samples were lightly pressed into briquettes 1 x 1/2 x 1/4 in.
The patterns for J-1 and J-2 are shown in Figure 1. The patterns exhibit
two amorphous peaks, but it is evident from the position of these peaks that
the structuves are different. These chitosans weve made at the same plant
from crab shells; J-2 was made from a single species, J- 1 is a blend of
several chitosans. The structural differences are unresolved at this po1nt,
but it is evident that there is a significant difference.

F1gure 2 shows the series M- 1, 0 and -3 . Sample M- 1 exhi bi ts a crysta 1-
line peak, probably from the calcium carbonate which is present in this
sample . M- 2 and - 3 are quite similar, except that the second peak for M-3
i s shifted to lower angles . This is a characteri s ti c change correlated wi th
increased deacetylation.

Earliev work on the structure of amov phous chi tosavi  l ! had indicated
that the glucosamine rings were retained in these amorphous structures, The
vari ations exhibited i n these samples show that the cha1n confi gurati on may
be quite complex, and this remains to be resolved, These patterns indicate,
however, that chitosan does not have a well-defined unique structure,

DISCUSSIOIv QF RESULTs

Our results on these samples of chitosan indicate that chitosan can be a
very vari able material. The viscosities, the structures and the film form-
inq characteristics can vary widely.

Viscosity measurements in themselves are not a good guide to polymer
chain length, since high viscosities can be achieved by a minimal deacetyla-
tion of the chitin, which in turn produces suspension of partially
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Tensile Strength Elongation

MN/mps'

22,000 152J-2

12,200 84 2.6

12,500 86 3,0

8,000 55 1.0M-3

7,600 52 1.2R-1

*Film thicknesses were .002-.004 in.

Chi tosan

Sample*

Table 3

Properties of Chitosan Films
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deacetylated particles. On the other hand, it is possible to deacetylate
sufficiently to remove the chitin structure without destroying the polymer.
The material is easily dissolved in weak acid solutions and casts excellent
f i 1 ms.

Careful control is required in the processing of the polymer, and each
step - raw material selection, demineralization, deproteinization and de-
acetylation � must be standardized. There is also evidence to suggest that
each species of shrimp or crab may require somewhat different processing to
achieve a uniform product. Nevertheless, uniform products are being pro-
duced on a large scale, but care should be exercised in documenting sources
and structures of these materials before extensive work on applications is
undertaken.
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CHITDSAN OF HIGH VISCOSITY AND PROTEIN AS A VALUABLE
BY- PRODUCT F ROH 5 OUI L LA

M. N, Moorjani, D. Imam Khasim, S, Rajalakshmi,
P. Puttarajappa and B. L. Amia

Central Food Technological Research Institute
Mysore, India 570013

ABSTRACT

Huge quantities of squilla �0,000 tons! and shrimp/prawn waste �5,000
tons! from freezing plants could be effectively utilized to produce chito-
san and protein as very valuable by-products. Bench-scale trials process-
ing 100-200 kgs of squilla at a time for chitosan extraction have been com-
pleted. They showed that chitosan of high viscosity can be obtained from
deacetylation of chitin under optimum conditions, A 1.25% solution of
that chitosan in dilute aceti c acid had a viscosity of 4DOO-BODO centi-
poises or more. Further leaching of the product to obtain a white sub-
Stance affeCted irS visCosity, hOwever, aS did prOIOnged Starage at rOOm
temperature. Consequently, for many industrial applications, chitosan so-
lutions should be freshly prepared.

The experimental use of chi tosan in the purification of water has
yielded very encouraging results� .

INTRODUCTION

Among the crustacea species, such as shri mp, crabs, prawns, lobsters
and cray fish that are harves ted cortmiercially, squi lla  order Stomatopoda!
are of considerable importance because of thei r high chi tin conten t.
Large quantities of unusable squi lla or "Puchee" are caught along with
commercially usable prawns, and their disposa l poses a problem. The total
catch by trawlers fishing along the Mangalore coast alone is estimated to
be around 2 tons daily. The spines around the shell, i, e., the exos kele-
ton, are composed primarily of chitin; there is very little muscle i nside
the body as compared to prawn render. Stomatopoda is useless as food,
Most of it i s thrown overboard when caught; only that part too closely
mixed with fish and prawns is brought ashore to be sorted out and dis-
posed of. This i ndi scrimi nate disposal at the landing sites poses prob-
lems of pollution as the discarded waste rots.

The three important commercial vari eties of squi 1 la are Ora to ~s ui I 1 a
~ne a, Drato ~suilla holoschista and ~Har io ~su111a ~ra hidia, the last one
being the largest of the species caught along Maharashtra. It is estima-
ted that the total annual catch of squilla off the coast of India is in
the order of 50,000 tons. As methods of fishing by trawler improve, the
possibilities of even larger catches increase, and this could provide an
excellent source of material for the processing of' chitosan.

EXPERIIIENTAL

A number of earlier attempts have been made to process ch i tosan from
the shells of lobster, crab and shrimp �-4,6,9!. At the Food Techno-
logi cal Institute we have utilized squi lla of the varieties Orato ~s villa
~ne a and Drato ~s ui IIa holoschista for obtaining chi tosan with a very high
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viscosity. The approximate composition of squilla is indicated in Table 1.
The results show that the exoskeleton comprises the largest part of the
squilla, foIlowed by protein, minerals  largely calcium carbonate! and
minor amounts of lipids, phosphates and carotenoid pigments. Among the
various steps in processing, i.e., demineralization, deproteinization,
deacetyla tion and bleaching, the most important is deacetylation. The
concentration of causti c alkali solution, the ratio chitin:alkali solution
and the temperature of deacetylati on play the most si gnificant roles in
determining the quality of chitosan, based on viscosi ty determination.

Under optimum conditions, chi tosan wi th an intrinsic viscosity of
50-60 poises can be obtained. A 1,25% solution of that chi tosan in dilute
acetic acid was measured by a Hrookfield Synchrolectric viscometer, giving
a value in the range of 4000-8000 centipoises or more. It was found that
a good quality deacetylated chitin at a concentration of 1.25% in dilute
aceti c acid has a viscosity of ~1200 cps; a medium grade has a viscosity
of ~160 cps; a low grade has a viscosity of ~'J5 cps  I!!. Optimum condi-
tions during demi nerali zation and particularly during deacetylation have
to be strictly maintained to obtain chitosan with a high viscosity, Fur-
ther bleaching to yield a white product considerably affects the viscosity .

Laboratory-scale trials have been successfully translated into bench-
scale trials that can process 100-200 kgs of squilla per batch. The
yields and the properties of the produced chitosan are reported in Table
2.

The results of puri fying water with chitosan and with alum  Table 3!
indicate that, even at 300 mg/1 of alum, settled-water quality does not
improve, while 0.6 mg/1 of chitosan reduces turbidity to 18 units, and
0.15 mg/1 of chitosan combined with 10 mg/1 of alum reduces the settled-
water turbidity to 15 units,

Chitosan dissolved in 1% acetic acid shows that viscosity decreases with
length of storage  Fig, 1!; it is therefore recommended that for some in-
dustrial applications chitosan solutions be freshly prepared if good re-
sultss are to be obtained.

At the height of the season large quantities of chitosan are left to
dry in the sun. Attempts were made to process chitosan from this dry ma-
terial. The dried squilla were coarsely ground to separate out an appre-
ciable quantity of protein in powdered form. The dried material was de-
mineralized, deproteinized and deacetylated by a process identical to that
used for the fresh squilla, but the time needed for deacetylating the dry
material was less than for the wet Squi lla . The viscosity of chitosan
from the dry material was, however, much lower. This indicates that the
exoskeleton was affected by bacterial act~on during the drying because of
its high protein and moisture content.

Since the availability of squi 1 la is limited to 2 to 3 months a year,
the intermediate product  chitin! can be stocked by demineralizing and de-
proteinizing the raw material. Crude chitin separated from squilla can
then be stored for subsequent deacetylation to obtain chitosan.

One valuable by-product--protein--has been recovered from squilla by
passing the material through meat-separating machines, precipi tating it at
its isoelectric point, treating it with heat and then drying it. The
average yield is 5 kg from every 100 kg of fresh squilla. Experiments are
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Table 1, Approximate Composition of Squilla

 figures in percentage on moisture-
free basis. Hoisture content of the
starting material was 54.2 percent.!

8.0Total N

Chitin N

Chitin 9,8

2.6fat

28.4Ash

Table 2. Yield of Chitosan and Its Properties

Chitin  dry!

Chi tosan

Protein  as a by-product!  dry!

3.5

5,0

Viscosity of 1% chitosan solution in
IK acetic acid:

Intrinsic Viscosity: Plots of n / C vs Csp
  range 50-60!

n = Specific Viscosity = n Fi -1
sp 0

C = Concentration

Weight  kg!

Starting materia I, squi lla  wet! produced: 100.0
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Table 3, Chitosan as an Aid for Purification of Water

10 min.

Settled-water turbidityquantity of chemicals

 mg/liter!:

300. 90Alum

Chi tosan 0.6 18

Chitosan
+ Alum

0.15
10.0 15

Raw-water turbidity

Flash mixture

Flocculation

Settling

3200 uni ts

1 min, ta 100 rpm

9 min. 8 40 rpm
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in progress ro determine whether it has uses in the textile and plywood
industries, for fire extinguishing and for other technologies,

Another useful source of chitosan is prawn/shrimp waste. India exports
an enormous amount of frozen shrimp  about 1250 million rupees' worth in
1976!; about SOX of its catch ends up as frozen shrimp for export, and
that industry could supply large quantities of waste in the form of shrimp
heads, shells, etc, The viscosity of chitosan from shrimp waste is lower
than that from squilla. Nevertheless, such a huge quantity of shrimp
waste can be made available for diversion into the production of chitosan
and its by-products that deriving chitosan from this source would certain-
ly be worth considering. Chitosan is used in a number of industries, in-
cluding paper, textiles, water purification, fiberglass, ion exchange and
photographic film. Its by-products  such as protein! are also essential.
Commercial production of chitosan would increase the profits of fish
processors and considerably improve the lot of the poor fishermen, and
this would mean a great deal to India, wi th its abundant supplies of
squilla and prawn/shrimp waste. Many countries have already evinced a
very keen interest in the industrial application of chitosan and its
by-products �,5,7,8,10!.
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TREATMENT OF FOOD-PROCESSING WASTES WITH CHITDSAN AND
NUTRITIONAL EVALUATION OF COAGULATED BY-PRODUCTS

W. A. Bough
Marine Resources Extension Center

University of Georg~a
Brunswick, Georgia 3'l520

D. R. Landes
Dept. of Home Economics
University of Indiana
Bloomington, Indiana

ABSTRACT

Chi tosan has been shown to be an effective agent for coagulation of
suspended solids in various food-processing wastes, including poultry, egg,
meat, shrimp, cheese and vegetable proceasing wastes, It is also
effective for dewatering of activated sludge suspensions. Treatment with
chitosan and removal of the coagulated solids by gravity settling, dissolved
air flotation, or centrifugation, as required for specific applications,
typically resulted in suspended- solids reductions of' over 90%. In
certain cases, such as poultry, egg, meat and shrimp wastes, reductions in
the chemical oxygen demand of 605 to 80% have been obtained,

In general, the by-products recovered with the aid of chitosan from
food-processing waste contain significant amounts of protein �0-705!, and
in certain cases, such as poultry and egg wastes, 30-50% fat. Results on the
physiological effects of free chitosan and feed products coagulated with
chitosan when fed to young white rats show no adverse effects at chitosan
levels below 5% of the diet. This is 10-20 times the levels expected in
feeding coagulated by-products to animals. When free solid chitosan  ground
to 1 mn! was mixed into diets at levels of 0.1, 2.5, 5, 10 and ISY of the
diet, no adverse effects on growth rate, blood, or liver composition were
observed at levels of 5% chitosan or less.

Chitosan in solution was mixed with a suspension of starch and casein,
neutralized, centrifuged and dried. This product was fed for six weeks
to rats at levels to contain 0, 1, 2, 5, 7.5, and ID% chitosan in the diets.
Only those animals receiving the two highest levels showed significant
differences from the control group,

Proteinaceous solids recovered from cheese whey, with and without
chitosan as a coagulating agent, were found to have protein-efficiency
ratios equivalent to the casein control.

INTRQDUCT ION

Food-processing wastes have been characterized on a unit basis by goinq into
the plant and determining waste loads and flow rates at each step of the pr' o-
cessing operation and relating each step to the total waste load. In this



219

way we could identify concentrated sources of waste and see how best to
modify the process to reduce the waste load, Much of our research on waste
treatment has stensned from simi lar characterization studies where we have
identified concentrated unit effluents �!. We have proceeded on the theory
that  a! it is desirable to segregate concentrated unit wastes and treat
them separately rather than allowing them to mix with more dilute waste-
waters and  b! that by-products recovered from food-processing wastes can be
recycled into animal feeds,

The yield of chitosan from dry shrimp hulls is approximately 20$.
Thus approximately 400 pounds of chitosan can be derived from a ton of shrimp
meal, which at $2 a pound is worth approximately $800. The value of the
original ton of shrimp meal is thereby increased by a factor of 8 over the
value of shrimp meal sold at $100 per ton for use as an animal feed
s upp1 emen t,

E XPERIMENTAL

Chitosan has been evaluated as a coagulating agent for treatment of
various food-processing wastes. 0ifferent separation methods for recovering
coagulated solids have been evaluated, including coagulation and settling
�, 6!, dissolved air flotation  8!, and cencrifugation �!. Experiments
were initially conducted on a laboratory scale, using standard jar tests on
500 ml portions of wastewater  9!. In addition to the effects of different
chitosan concentrations, different conditions of pH and combinations of
inorganic salts and other polyelectrolytes were tested. For screening
purposes, the reduction in turbidity measured as formazin turbidity units
was typically measured �0!. Suspended solids and chemical oxygen demand  COD!
were measured by standard methods �!,

Following laboratory screening trials, pilot-scale studies were
conducted on 10-gallon batches of wastewater. In general, the methodology
involved coagulation and settling in an apparatus constructed for physical-
chemical treatment studies �!. Dissolved air flotation experiments were
conducted in a modified canning retort  8!.

Field experiments were conducted in conjunction with industrial
cooperators and consulting engineers. In one case, a pilot-scale basket
centrifuge was evaluated; in another, a commercial horizontal bowl centrifuge
was being tested �!. In other studies, large vats, tanks, or barrels were
used to conduct coagulation and settling experiments �, 6!.
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RESULTS ANO DISCUSSION

In characterization studies on vegetable wastes, we found, as expected,
that peeling and blanching eff'Iuents were 'large contributors to the total
waste load. Somewhat unexpectedly, we found that choppers and fi'Ilers can
contribute up to 40' of the total load of suspended solids in processing
wastes from the canning of leafy green vegetables �!. In poultry processing,
the killing, eviscerating, and scalding operations contribute heavily to
the waste load. Chilling does too, especially giblet chil lers. In the
egg-breaking industry, the washing machines and clean-up operations con-
tribute the majority of the waste load. In the manufacture of cheese, whey
is the major component of the waste load. Activated sludge is another
concentrated waste that results from secondary biological treatment of
wastewaters. An excess of sludge is produced, approximately 0.3 lb. s!udge
per pound biochemical oxygen demand  BOD! removed, and this sludge must
be either disposed of or utilized as a by-product. In a typical activated
sludge system for treatment of food-processing wastes, the mixed liquor is
pumped to a clarifier where the sludge solids settle out and are either
returned to the aeration basin or pumped into a tank truck to be hauled
away for disposal. We were involved in feasibility studies at twa plants
investigating the use of centrifugation ta dewater the sludge, In one study
at a vegetable-canning plant, the clarifier underflow was pumped to a pilot-
srale basket centrifuge which was fitted with a polymer delivery system.
We tested several different polymers and were able to reduce the susepended
solids by over 98', as shown in Fig. 1, using a ratio af chitosan to
susOended solids of 0,2-0.4% �!. The machine could be operated
satisfactorily without polymer, but it could be fed at a higher throughput
rate, as shown in Figure 2, by using a polymer to condition the sludge.
We will comment later on the protein content and amino-acid composition of
these vegetable-sludge sol ids.

In another study involving sludge grown on brewery wastes, we tested
the use af a polymer and a commercial centrifuae in dii'ferent operating
parameters. With the aid af a po'lymer, a cake was built up in the solids-
discharge chute that was so thick it had to be washed off with a hose.
Suspended solids in the centrate were reduced approximate'ly 95'L, from 2000
mg/1 to less than 400 mg/'I  as shown in Fig. 3!, by using a ratio of
chitosan to suspended solids of 0.6X to O. K. The total solids content
in the sludge cake was about 7.5% �!.

In all the studies described we were investigating the use of chitosan
for coagulation of suspended solids. Table 1 summarizes data from
several studies on the composition of suspended solids and COD in various
food-processing wastewaters both before and after treatment with chitosan,

We believe that because chitasan is derived fram a natural product
and is composed of biodegradable structures, it may prove useful in the
recovery of coagulated by-products from food-processing wastes, where these
by-products will be recycled into animal feeds. We have done some studies
discussed below, on the incorporation of chitosan into the diets of small
animals, and we have compared the protein-efficiency ratios of a coagulated
by-product from whey with a control containing no polymer, In the case of
vegetable sludge, brewery sludge, and the coagulated solids from egg-
breaking wastes, we have determined the amino-acid compositian of the dry
solids. All three of these materials contain adequate amounts of the
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essential amino acids, with the possible exception of cystein, which was
destroyed by the acid-hydrolysis procedure used to hydrolyze the proteins.
Brewery sludge was analyzed for tryptophan by a microbiological method
and found to contain adequate amounts of this essential amino acid �!.
Table 2 sumnarizes the proximate composition, on a dry-weight basis, of
protein, fat and ash in the various by-product solids recovered with the
aid of chitosan as a coagulating agent.

Coagulated brewery sludge was found to contain 37% protein based upon
the amino acid content� 2C fat and 16% ash. The vegetable-sludge solids
contai ned 28' protein, 1$ fat and 20$ ash �!. Assuming 755 recovery of the
suspended solids, when in fact we achieved 95 to 98K reduction, and assuming
a value of 104 per dry pound for the value of the coagulated solids, the
value of the coagulated solids from brewery sludge would be approximately
$7,50 per thousand gallons. Chitosan was added, 75 mg/I, at an estimated
cost of $1,26 per thousand gallons, based on a chitosan price of $2 per
dry pound. Obviously, there are many other important costs besides polymer
costs, but we are only attempting to determine whether or not the value of
coagulated solids recovered from a waste effluent would even cover the
cost of the polymer. In the case of brewery sludge and vegetable sludge,
it appears that the value of the solids recovered from the sludge would be
5 to 10 times greater than the cost of the polymer app1ied. The Coors
Brewery in Golden, Colorado, will soon begin comnercia1 production
of dried sludge for use as a feed supplement.

In studies on poultry wastes, treatment with chitosan was applied to
the final or composite effluent, and separate treatments were applied to
the chiller and scalder effluents  8!. These were laboratory and pilot-
plant studies performed on 10-gallon batches of effluent. When coagula-
tion and gravity sett ling were applied to the composite effluent, the dry
coagulated by-product contained 54K protein and 29% fat. When dissolved air
flotation was used, a product contain i ng less protein and more fat was
obtained, The chiller effluent yielded a by-product containing 364
protein and 54% fat. The scalder effluent produced a by-product high in
protein �8K! and relatively high in ash �5$!. The most promising result
to come out of this study was the indication that the chiller effluent could
be treated separately. After the suspended solids are removed, the treated
effluent could perhaps be recycled in the chilling operation, if sanitation
standards were met. Such a recycling process would be saving of both water
and energy because of the saving on ice required to chill the water.

In the case of egg-breaking wastes, chitosan quite effectively
coagulated suspended solids both in the composite effluent and the concen-
trated effluent from the egg washers. Suspended solids were reduced by 70-904
and the COD by 55-75K �!. The amino-acid compositions of five coagulated egg
by-products were similar to the composition of whole eggs. The feed value
of the coagulated solids and the potential savings in waste treatment charges
make treatment with chitosan an attractive option for waste management.

In studies on meat wastes, we found that the composite effluent
from a meat-packing operation yielded a coagulated by-product containing 41%
protein, 17% fat and 11$ ash �!. As would be expected, the by-product
recovered from a plant engaged in further processing and curing was lower
in protein than that recovered from a plant used for killing and packing; it
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Table 1. Reductio~ of Suspended Solids and Chemical Oxygen Demand in Food-
Processing Waste Effluents by Coagulation with Chitosan

Chita- Sepa-
san ra-

Effl uent m /1 tion
GS'
GS
GS
GS
GS
GS
GS

62 �!
10

�!
�!
�!
�!
�!

99 2394
93 1700
90
90
96
84
89

1624
1747

143
298
248

32
75

915
1530

6
125

15
29
10

5
8

�!

�!

GS 116

Cent, 12000
k

95

600 95

�!
13  8!
37
14
62  8!
62
57
49  8!
46
36
12

99
94 1240
58 '1400
34 1052
75 942
82 740
67 740
88 1220
77 1320
64 1280
12 1280

200
20

210
297

65
28
70
52

103
157
423

Cent. 16DOO
1080
880
902
362
280
300
620
720
820

1120

361
503
451
260
212
212
428
456
443
483

GS 1
DAFI
DAF
GS
DAF
DAF
GS
DAF
DAF
DAF

76 �!
62

57
60 �!
55 �!

7000
11000

8900
14250

800

72 29000
91 29000
48
74 20900
94 35500
89 1 800

450
177
557
256
287
49

1610
1930
1070
1005
5027
465

GS
DAF
DAF
GS
GS
GS

72 �!
79
76 �!
92
47 �!
18
4 �!

240
341

1560
280

1660
934

65760

95 865
92 1596
94 6500
98 3200
94 3150
38 1134
92 68500

169
416

2 808
1900
522
158

2470

GS
GS
GS
DAF
GS
DAF
GS

8
35

178
33
33
98

198

1.Not determined
' Coagulated solids separated

by gravity settling
Coagulated solids separated

by centrifugation
Coagulated solids separated

by dissolved air flotation

b Plus
a

cl'1 us
dPlus
ePlus
f Plus

P lus
hpl us

Plus

15 mg/1 NJAL-240
10 mg/1 liJAL-240 and 40 mg/1 alum
80 mg/1 CaC922
10 mg/1 Betz 1130
15 mg/1 Betz 1130
20 mg/1 Betz 1130
40 mg/1 FeC13
5 mg/1 WT- 3000

Greens washer lub
.a

f i 1 1 er 5
composite 10

Spinach 20
Pimienta peeling 40

coring 10
composite 30

Green-bean
bl ancher 5

Brewery act.
sludge 75

Vegetable act.
sludge 40

Poultry composite 5
5
0

Poultry chiller 6
6
0

Poultry seal der 30
30
15
0

Egg-breaking
composite 150d

150
0

200'
Egg-washer waste 100
Neat packing 30
Meat processing 6

curing 109
5

Shrimp compos i te 10
10h

Fruit-cake waste 2
2

Cheese whey 53

Sus ended So'lids Chemical 0 en Demand
Raw Effluent Raw Effluent
m 1 m /1 Red n X /T m 1 Red'n X Ref



223

Table 2, Proximate Composition of Coagulated Solids Recovered from
Food-Processing Waste Effluents by Coagulation with Chitosan

Solids Composition %

Protein Fat Ash
Effluent

Cheese whey

Solids recovered by 0AF contained 35' protein, 49K fat and 3t ash

d Based upon biuret analysis
Based upon Kjeldahl X 6.4

f Not determined

Brewe ry a ct i va ted s 1 udge

Vegetable activated sludge
c

Poul try composite

Poultry chiller

Poultry scalder

Egg-breaking composite

Egg-washer waste

Meat packing

Meat processing and curing

Shrimp composite

Fruit cake

Based upon Kjeldah] N X 6.25

Based upon total amino acid content

37 2 16

28 1 20

54 29 4

36 54 1

68 1 15

40 40 6

44 38 4

41 17 11
14d f
.a3K

13 - 2

75 0.2 10
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contained only 14X protein. The composite effluent from a shrimp breading
and freezing operation treated with chitosan yielded a by-product contain-
ing 32X protein, This protein content would have been higher except for
a significant amount of breading in the effluent which was also coagulated
and recovered. Fruit-cake wastes yielded a by-product containing only 13X
protein, approximately the same protein content that we observed on by-
products recovered from vegetable-processing wastes �!.

In the case of cheese whey, the coagulated by-product contained
72X protein, 0.2X fat, 10X ash and 6X lactose �!. Cheese solds are settled
out in large vats, and the whey is drained off and discharged or otherwise
disposed of. It is a concentrated source of wastes containing approximately
30,000-50,000 mg/1 BOD and 1000-5DOO mg/1 suspended solids, In some cases,
the whey is discharged down a drain that goes to the municipal waste-treatment
system. The municipal surcharge was 5.34 per pound for any excess over 250
mg/l suspended solids and/or BOD. Thus, the surcharge for discharging this
whey amounted to approximately $3 per day for suspended solids and $52
per day for BOD. Treatment of this whey by coagulation and settling, using
a ratio of chitosan to suspended solids of 2.5X, redured suspended solids by
92X, but the BOD was only reduced by 4X. The coagulated solids were
recovered by centrifugation and were freeze-dried. Because of the concen-
trated nature of cheese whey and the large particle size of the suspended
solids in whey, we were also able to recover some of the whey solids
by centrifugation without the aid of any polymer. These solids were also
freeze-dried for comparison to the solids containing chitosan, In a compara-
tive study using rats to determine the protein-efficiency ratio or PER values
of whey solids, no statistically significant, differences were found between
the PER values of coagulated whey solids containing chitosan, whey solids
containing no polymer, and a casein control. These results show that the
utilization of the protein in the coagulated by-product was not diminished
by the presence of such a small amount of chitosan. They also show
that coagulated whey solids would be an excellent protein supplement.
While it really would not save the plant much money on surcharges for suspended
solids and BOD, it does appear that the value of the cheese-whey solids
would exceed the cost of the polymer,

We referred earlier to the studies that we have done on incorporation
of chitosan into the diets of experimental animals �, 7, 11!. This work
was directed by Dr, D. R. l.andes of the Food Science Department at the
Georgia Experiment Station. In one study, chitosan, ground to 20 mesh, was
incorporated to constitute up to ISX of the total diet. During the course
of an 8-week feeding study, chitosan intake, rat weight gain and teed
efficiency were monitored. There were no significant differences, at the 5X
level, of confi dence between di ets contai ni ng 0, 1, 0, 2 . 5 and 5. OX chi tosan
�1!. At higher levels, of 10 and 15X chitosan, feed efficiency did
decrease. Similar trends were observed when measuring the effect of chitosan
in the diet on the weights of the rat livers, kidneys and spleens, At 5
to 10X chitosan and below, no significant differences were observed.
Only at the highest. level of 15'X were differences observed in the case
of all three organs. Analyses performed on the rat blood and serum showed
the same trends as did the organ weights. These results are similar to
those of a Japanese study, which showed no harmful effects in mice fed chitosan
levels up to 18 g per kg body weight per day �!. This corresponds ta our
highest level of 15X, which was 1 6 g intake per kg body weight per day.
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Because cnitosan had been incorporated as dry, finely ground particles
into the rat diets in the previous study, an experiment was designed to
test exaggerated levels of chitosan where the coagulated solids were
formed by chitosan in solution combining with the test proteins. Chitosan
in solution was mixed with a suspension of starch and casein, neutralized,
centrifuged and dried. This product was fed for six weeks to rats at
levels to contain 0, 1, 2, 5, 7.5 and 10K chitosan in the diets. Only
those an~mals receiving the two highest levels showed significant
differences from the control group  unpublished results!.

COriCLUSIOIiS

We feel that these results indicate that amounts of chitosan in the
diet of 5% or Iess would have no adverse effect upon animals. This is
10-20 times the levels expected in feeding coagulated by-products to
animals. Of course, our experiments are limited in that we have only
worked with rats. Larger-scale studies will have to be performed,

Without a doubt, chitosan is an effecti ve coagulating agent--as
effective as the top 10% of the dozens of polymers we have evaluated
for treatment of food-processing wastes. But that is also saying that
synthetic polymers can be found that will perform as well as chitosan.
What would make chitosan uniquely different in qualification would be
for it to obtain FDA approva'I as a feed ingredient, allowing coagulated
by-products recovered from food-processing wastes to be used for feed.

RECOMMENDATIONS FOR FUTURE WORK

While the FDA has many requirements that relate to approva! of a
"feed additive," which was their ruling on chitosan  !3!, the most
expensive are these that require experimental evidence of safety. The
FDA corimrunication in response to our preliminary proposal for approval of
chitosan as a feed additive, when comnenting on safety tests, stated:
"Rat data are not adequate to demonstrate animal safety. We require
that animal safety studies be conducted in the target species, i,e,,
chi ckens, swine, cattle, sheep, etc. If res i dues of the additive occur
in meat, milk, or eggs of animals consuming the additive, then rat
data may be useful in satisfying some of the human safety requirements"
�3!. Of course the human safety division within the FDA is different
from the animal safety division, and this compounds the requirements for
obtaining FDA approval.

Sti'!1, the need for such a coagulating agent as chitosan remains.
Stringent effluent limitations and costly municipal surcharges are
forcing more and more food processors into pretreatmerit of their waste-
water prior to discharge for secondary treatment. Most are segregating
concentrated effluents for separate treatment, and a polymer is often
needed. What a pity for the coagulated solids that are recovered to
be buried or burned! But before these solids can be recycled into
animal feeds, a polymer that has FI3A approval as a feed additive is
needed.
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There are polymers approved for use in treatment of potable
water, in judice clarification during sugar manufacture, and as a thickener
and suspending agent in nonmedicated aqueous suspensions intended as animal-
feed additives �1CFR 121.288!. However, according to an FOA communication
�2! this approval "does not relate to the use of the polymycin as a coagula-
tion agent. We are unaware of any documents which support the use of this
polymer as a coagulating agent for food processing wastes, and 21CFR 121.288
does not provide for this use." �2! Thus, a polymer is needed that can be
used for recovering suspended solids from food-processing wastes, which can
then be used in animal feeds. Some industry with interests in future
profits must take up the challenge and the expense of developing a product
and obtaining FOA approval for this speciality use, Chitosan could be
that product,

More research is needed on the effects of manufacturing variables on
the characteristics and performance of chitosan products. To use a
single word - cnitosan � to define such an array of products is misleading.
In the cooperative work completed to date, Professor Averbach, at M.I.T.,
and we agree in our observations that the coxmiercial and academic sources
of chitosan, 3 ncludi ng o ur laboratory, produce different products. We
see differences in size and texture of the dry products, molecular weight
distribution, viscosity of solutions and waste-treatment effectiveness.
Professor Averbach's laboratory has observed differences in film-forming
characteristics, x- ray di ffract ion patterns and 1 ight scatte ri ng . We
are exchanging samples in an attempt to understand the complex effects
of raw-materia I sources, manufacturing variables and other experimental
variables.

The range of chitosan products available can be an advantage to
chitosan users and manufacturers, if the variants are known and controlled.
The ability to tailor-make a chitosan product for a particular application
would be a good reason for a user to choose chitosan over a competing
product. If he does, the user will expect a consistently effective
product, and this would require stringent quality control by the rhitosan
manufacturer who, in turn, will need a thorough knowledge of the chemistry
of his process and the raw materials that go into it. It is this basic
information that we need to extract from our research projects.
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ABSTRACT

The prima ry objective of any dewatering operation in municipal and
industrial wastewater treatment is to reduce the sludge moisture content
to a degree that allows the ultimate disposal of sl udges by incinerati on,
landfill, or other means. Dewatering differs from sludge thickening in
that the sludge is processed into a non-fluid form in which the suspended-
solids concentration is increased to within the range of 10 to 30K.

In modern dewateri ng operat ion s, solid-1 iq uid separati on is commonly
carri ed out by mechanical means such as centrifugation and vacuum fiItra-
tion with or without an addition of polyelectrolytes. Centrifugation has
some inherent advantages over vacuum filtration and other means of sludge
dewatering. It is simple, compact, clean, totally enclosed and flexible,
and its costs are comparable to those of other means of mechanical
dewatering.

Here centrifugal s1 udge dewateri ng by the use of the chi tin-chi tosan
derived polymer comnanly known as F'lonac will be revi ewed. A brief
description of the manufacturing process of Flonac, of its characteris-
ticss, and of the application of F1onac in the sludge dewateri ng of municipal
and industrial wastewater and its dewatering performance by centrifugation
is gi ven . Sludge-cake disposal, toxicity and the decomposition propert i es
of Flonac in soil environments are also discussed.

INTROLiUCT ION

The primary objective of any dewatering operation in municipal and
industrial wastewater treatment is to reduce the s1udge moisture content,
to a degree that a 1'iows the ultimate disposal of sludge by i ncineration,
landfill ov other means. The dewate ring operation differs from sludge
thickening in that the sludge is processed into a non-fluid form in
which the suspended so1id concentration is measured from approximately
4X to within the range of 10 to 30'X, depending on the characteristics of
the sludge. In modern sludge dewatering operations, so1id-liquid separa-
tion iS conmionly accomplished by mechanical means such as centrifugation
and vacuum filtration with or witnout an addition of polyelectrolytes.
The centrifuge has some inherent advantages over the vacuum filter and
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other means of sludge dewatering. It is clean, compact, totally enclosed
and flexible, and its costs are comparable to those of other means of
mechan1cal sludge dewatering,

The objectives of sludge centrifugation are, however, similar to
other dewatering operations and, in the case of centrifugation, it is
necessary to obtain a dry cake, clean centrate  effluent! and a reasonable
throughput  centrifugal yield!, In the last decade, the most significant
addition to sludge-conditioning technology has been the practical applica-
tion of polyelectrolytes or polymers. Similar to earlier applications of
inorganic sludge-conditioning agents, investigations of a wide variety of
polymers have indicated that a selection of the required dosage for
optimum sludge dewatering is highly dependent on the specific sludge and
the accompanying physical condition.

Among various polyelectrolytes, manufactured from both petrochemical
bases and natural polymers, the chitin-chitosan derived polymers known as
Flonac in Japan have been widely used for sludge-dewatering applications.
This is due mainly to their effectiveness 1n s! udge cond1tioning, rapid
biodegradability in soil environments, and reasonable economic advantages
in centrifugal sludge dewatering.

The purpose of this paper is to present the state-of-the-art review
of the applications of chitin-chitosan � derived polymers in the centrifugal
dewatering of municipal and industrial sludges. Brief descriptions of the
manufacturing process of Flonac and of its characteristics are presented,
The paper further discusses the effects of Flonac application 1n centri-
fugal sludge dewatering from the standpoints of cake disposal, toxicity
to animals and plants and decomposition in soil environments.

SOURCES OF SLUDGE PRODUCTION IH WASTEWATFR TREATMENT SYSTEMS

Many of the problems associated with water quality control are due to
the presence of dissolved, suspended, and colloidal organ1c matter from
natural sources or from wastewater discharges. This organic matter 1s
normally stabilized biologically, and the microorganisms involved utilize
either aerobic or anaerobic ox1dation systems. Many of the pollutants in
water and wastewater are present as suspendeo particles which are carried
along in flowing liquids but will settle out in quiescent conditions, such
as in clarifiers. When removed, tnese solids are genera'lly referred to
as sludge, but they represent a variety of characteristics and quantities.
The amount of sludge produced obviously depends on the origin of the
wastewater, the type of treatment facility used and, more important, on
the operation and control of the treatment facilities.

Figure 1 shows a typical wastewater treatment system with its various
sources of sludge production. The act1vated sludge process most commonly
used in modern wastewater-treatment. facilities is depicted. As noted
from Table 1, the various wastewater treatment processes produce different
amounts and typeS of sludgel the table preSents data on typical volumes of
sludges produced in several conventional wastewater treatment processes.
One will note the striking increase in the volume of sludges to be pro-
cessed when a plant is upgraded to activated sludge treatment. Table 2
illustrates typical masses or we1ghts of sludges produced by various
conventional methods of wastewater treatment.
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The types and quantities of sludges produced in the wastewater treat-
ment system can vary from plant to plant, and their dewaterability can
also vary significantly. In general, both primary and anaerobically
treated sludges are relatively easy to dewater in a mechanical dewatering
device such as a sludge centrifuge; however, aerobically treated sludges,
such as activated sludge, are notoriously difficult to dewater �!.
Application of organic polyelectrolytes  polymers!, such as chitin-chitosan
derived polymers, may improve sludge dewaterability significantly. While
noting that sludge handling is responsible for about 30 to 40% of the
capita1 cost of a wastewater treatn»nt plant and about SOS of the
operating cost, most treat  »nt-plant operators will agree that, in terms
of the headaches and trouble caused, sludge handling is worth 90%
of the wastewater treatment system �0!, As a result, application of
sludge-conditioning chemica1s for liquid-solid separation in clarifiers
and in sludge dewatering has been practiced for many years. Furthermore,
the use of organic polymers such as Flonac will be increased when more
stringent water-quality standards are enforced to abate water pollution.

CHITIN-CHITOSAhH!ERIVEi0 POLY 'sEER AS A SLUDGE DEWATERING AGENT

The sludge dewatering agent  coagulant! known as Flonac, which is
derived from the chitin-chitosan base is manufactured by Kyowa Oil A Fat
Co., Ltd., Tokyo, Japan. Flonac N is a chitosan product without acid
treatment an d mus t be mi x ed with v a r i o us acid so 1 u t i on s such as f ormi c,
acetic, hydrochloric and sul famic acids before its application to sludge
dewatering. Flonac 250 is treated with formic acid and can be readily
di sso1 ved in an aqueous so 1 uti on.

Manufa

A schematic diagram of Flonac production from crab shells is shown in
Figure 2, Major sources of crab she11s used include the king crab
 ~pai  hoses ca&scoot cps , th to ~ er ah  Chi oece e ~S io 
and the Korean horsehair crab  Erimaceus isenbeckii . As shown in
Figure 2, cn i t i n i s p ro du ce d by e xt ra ct i n g protein - and a 1 k a 1 i - so 1 ub 1 e
material in a protein-extraction process and by a demineralization process
which removes inorganics such as calcium by the addition of hydrochloric
acid. Further treat  mnt of chitin in the deacetylation process by the
addition of sodium hydroxide produces chitosan. The product quality
will obviously depend on tnese manufacturing processes, particularly
with the deproteinization, demineralization and deacetylation processes;
it appears that the. product quality a1so depends on the kind and age of
the crab.

Characteristics

One of the useful characteristics of chitosan as a cationic poly-
electrolyte for sludge dewatering is its high solubility in an aqueOus
solution. Since an ionic functional group of the chitosan arises from
-NHz base, it is expected that, with a higher chitosan content in Flonac
products, a more effective coagulation of sludge will take place. In the
coagulation of wastewater sludge with a polyelectrolyte', the molecular
weight of the polymer will affect the size of floe formation. It
therefore is believed to be an important operational parameter in solid-



234

liquid separation such as wastewater sludge centrifugation. Since the
molecular weight of chitosan will affect the solution viscosity, general
correlation between the extent of deacetylation and the solution viscosity
is observed, as shown in Figure 3.

Table l. Sludge volumes Produced in Conventional
Wastewater Treatrent Processes

Gallons of Sludge ~ Million Gallons Wastewater
Produced Treated

McCabe and
Sabbit Eckenfelder

�! �!

Fair and
Keefer Imhoff

�! �!

Was tewate r
Treatmen t
Process

Prima ry
sedi men tat i on 2,950

745

3,530

530

2,440 3,000

750 700Tri uk 1 ing f il ter

Activated
sludge 18,700 19,40019,400 14,600

Table 2. Sludge Masses Produced in Conventional
Wastewater-Treatment Processes  9!

Percent Sus- Pounds of Solids
pended Solids Generated by Process Specific Gravity

Removed by per Million Gallons of
Process Treated Suspended Solids

klastewater
Treatment

Process

Primary
sedirentation 60 1,020 1 . 33

Tri ckl ing
filter 30 1,52510

Primary plus
activated sludge 92 1,331,563

Production control of Flonac is such that both alkali solubles  residue
from the protein extraction process! and ash contents  residue from the
demineralization process! are maintained at less than 5X of the product,
and when dissolved in water, complete dissociation and a clear aqueous
solution result, Table 3 shows the general characteristics of Flonac M,
which was directly derived from chitosan without acid treatment. An
average molecular weight of Flonac M is in the range of 100,000 to
300,000 and its I/2X aqueous solution exhibits a viscosi ty of
200 to 500 cp at 20 C.
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Table 3. General Characteristics of Flonac N  Chitosan!

Off-white powderAppearance:

Grain size: Less tnan 3 mm

0.15 + 0,05

Less than 10~

100 F 000-300,000

7-10,'

Apparent specific weight:

Moisture content:

Average molecular weight:

-NH2 Content:

~Pre aration

In order to dissolve chitosan into aqueous solution for its use as a
sludge-dewatering agent, it is necessary to add a proper amount of acid to
the solution. Table 4 shows the preparation af Flanac N solution and the
pH of the 0/5".' solution.

As discussed earlier, in Flonac 250 the chitosan is treated with
formic acid; therefore, unlike Flonac N, the solution preparation is
unnecessary. Storage of Flonac 250 for more than 3 months should be
avoided, however, due to the deterioration of its solubility caused by
acid-amide formation and evaporation of formic acid fram the product.

Since chitosan dissolve.' readily in acidic solution but is insoluble
in alkaline solution, as shown in Figure 4, effective sludge coagula-
tion will not take place if the pH of the sludge solution is above 7.
In thes e cases, cont rolling the pH by adding ei ther a low-pH Flonac
solution or an excessive amount of acid is necessary for an effective
sludge-dewatering operation.

Table 4. Preparation of F ianac N Sal ution with Acid
 product weight basis!

pH of 0.5%
Flonac N So'iution �0'C!Acid

Acetic acid  purity 988 or above! 1 to 1

Sulfamic acid  purity 99.5%
or above! 0.6 to 1

Concentrated hydrochloric acid 1 to 1

4.3

2.6

1.8

COAGULANT APPLICATION IN SLUDGE CENTRIFUGATION

The purpose of this section is to discuss the results of the centrifugal
sludge-dewatering experiments and to compare the performance of Fiona c as
a sludge-conditioning agent with other synthetic polyelectrolytes, The
Nis hihara SD sludge centrifuge, shown in Figure 5, was used for the
experiments.
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Figures 6, 7 and 8 show the data plots of various sludge centrifugal
experiments performed with the application of Flonac 250. Similar
results can be expected by using F lonac N, although dissolution of
Flonac N is somewhat tedious because it requires the addition of an
acid to form its aqueous solution.

Figure 6 shows the experimental results of dewater i ng anaerobi cally
digested sludge. The Flonac dosage was in excess of 0.7 to 1.5%  by
dry weight!. Suspended solids captured by the centrifuge exhibited
96K, or more, efficiency and resulted in a sludge cake containing
65 to 75% moisture. The sludge cake had a flaky, dry appearance.
Figure 7 shows the sludge centrifuge performance when dewatering
mixed sludges of primary sludge and excess activated sludge. The
experimental results indicated that when Fiona c was added i n the
range of 0,6 to 1.4t or more, suspended-so'iids capture was over
96%, but the moisture content of sludge cake was in the neighborhood
of 75 to BXA. Figure 8 depicts the experimental results of the
Sludge that iS mOSt diffiCult tO deWater, i.e., undigeSted exCeSS
activated sludge. When the Flonac dosage was 0.8 to 2.2K,solids capture
was over 96K, but. sludge-cake moisture was from 80 to 87X, resulting in
rather wet cakes . It is generally observed that larger loosely bound
sludge cake is formed when the cake moisture content exceeds 75%.

Com arison of Flonac to other s nthetic ol electrol tes

Several synthetic polye lectrolytes were used as sludge dewateri ng
agents in tne centrifugal sludge dewatering experiments to compare their
perforinances to that of Flonac. Table 5 shows their structural formulas,
substance names, trade names and manufacturers, In particular, the
copolymer of acryl amide and methac ryl ate ester  e. g., Praestol and
Diafloc! is widely used in sludge dewatering because of its effective-
ness in a wide range of product applications. In Table 5, the ratio of
subscripts a and b in the copolymers can be varied so that the cationic
strength of the copolymer is adjusted. Since subscript a relates to
the nonanionic group and subscript b relates to the cationic group, a
high cationic copolymer can be produced by increasing the ratio of sub-
script b to subscript a in the product. As a result, polymers with a
varying degree of cationic strength can be man ufactured in accordance
with their intended application, depending on the characteristics of
the sl udges.

Figures 9, 10 and ll show the comparative results of Flonac appli-
cations and of applications of other synthetic polyelectrolytes in
centrifugal sludge dewatering, One of the advantages of the synthetic
polyelectrolytes is their effectiveness in a wide range of the sludge
pH  notably in the pH range of 4 to IO!. Thus the application of syn-
thetic polyelectrolytes is particularly effective in the high-pH and
high-alkalinity sludges such as tne anaerobically digested sludges.
Flonac will not be effective in this case.

Excellent treatment by the application of Flonac has been found in
the centrifugal dewatering of raw sludges, such as excess activated
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Table 5. Commonly Used Poiyelectrolytes in Centrifugal Sludge Dewatering

Compound Mame Trade Name
 Manufacturer!

Structural Formula

Flonac  KyowaChi tosan
Oil I! Fat Co,,
Ltd,, Japan!

0

Copolymer of Praestol  Stockhausen,
acrylamide and West Germany!
methacry'!ate
ester Diafloc  Diafloc Co.,

Ltd., Japan!

Po'Iyacrylamide Himoioc  Kyoritsu Yuuki
Mannich modi- Co., Ltd., Japan!
fying agent

H H
I

C � C

H C

N

H H
I
C � C

H C

N

H C

C C

H C
I
0

H � C

H H

C � C
I

H C
!

N I
H � C

I
H
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Unit product prices of the various polyelectrolytes that have been used
in centrifugal sludge dewatering are shown;n Table 6.

Tab'le 6. Unit Product Prices of Various Polyelectrolytes
 current Japanese market price!

Unit Price
$/kg ProductPolyelectrolyte

Flonac 250
Flonac N with acid
Synthetic polyelectrolyte  IOOX cation!
Synthetic polyelectrolyte �0K cation!

4,33
5.OO
8.00
4,33

When Flonac is applied to raw sludges, such as excess activated sludge,
and mixed sludges, its unit product pr'ice is between $4.33/kg and $5.00/kg
in comparison with $5.00/kg to $6.67/kg for the synthetic polyelectro-
lytes. Economical application of Flonac can therefore be expected, It
was found, however, that synthetic polyelectro1ytes of relatively low
cationic content and priced at S4 . 33/kg are quite effective for treating
anaerobica 1 ly digested sludge . Thus, the application of synthetic
polyelectrolytes has a definite economic advantage in this aspect.
DISPOSAL OF DEWATERED CAKE

One of the important requirements for chemical coagulants used in
sludge condi ti oning is their biodegradability in a soi 1 envi ronrment,
since the ultimate disposal of dewatered s1 udges often involves a 1 and
treatment and disposal scheme �!. It is therefore important to establish
the limit of toxi ci ty under the various application rondi tions in the
environment, Several bioassay results have been reported with Flonac
and other synthetic polyelectrolytes. Table 7 surIrrarizes the bioassay
results reported by Arai et al . � !. The test animals were laboratory-
grown mice  Mus muscul us!, and the toxicity levels were reported in LDSO .
It is apparent from Table 7 that LD5 values for Flonac are somewhat
less than one-tenth of those for cop%I!ymers of acrylamide and rrmthacrylate
ester and of the same order of magnitude as lethal doses of sugar or
salt, Consequently, Flonac does not seem to be in the category of
toxic substances so far as acute toxicity is concerned �!.

To an environmenta 1 engineer, another aspect of interest in coagulant
applications is their ultimate degradability in soil environments. Table
8 shows the experimental results reported by Takahashi  8!. The produc-
tion of carbon dioxide was determined at 28' C over various time intervals.

s'ludge, and mixed s1udges whose pH's are relatively low, On the other hand,
excessive amounts of Flonac and acid are required for anaerobi cally
digested sludge, because of the relatively high sludge pH and alkalinity.
It is difficult, therefore, economically to justify the use of Flonac in
this case.
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Table 7. Toxicity Bioassay or Sludge Oewatering Agents  test
animal: laboratory-qrown mice  lius Iiuscuiusg �!

Lethal Dose
LD50, g/kg of body weight Trade NameSubstance

Chitosan

Chitosan acetate

Flonac 250

Flonac N

Greater tnan 16

Greater than 14

Oiafloc KP-001
 high cationic !

Greater than 1,5Copolymers of
acrylamide and
methacrylate ester

Oiafloc KP-007
 low cationic!

Greater than 4,5

Flonac: Products of Kyowa Oil A Fat Co., Ltd., Japan.
Oiaf lac: Products of Oiafloc Co., Ltd., Japan.

The coagulants used in the degradability tests in soil environments were
Flonac 250  chitosan!, Oiafloc KP-007  low cationic copolymer of acryla-
mide and methacrylate ester! and Prestrol 444K  high cationic copolymer
of acryl amide and methacryl ate ester!, respectively.

SUGARY AND CONCLUSIONS

Comparative studies of centrifugal sludge dewatering of wastewaters
were conducted with the addition of Flonac  chitin-chitosan derived
polymers! and synthetic polyelectrolytes I.copolymers of acryl amide and
meth aery 1 a te es t e r! .

Test results in Table 8 indicate that flonac 250  chitosan!
showed substantially greater biodegradation as measured in comparison
with other synthetic polyelectrolytes by the generation of carbon
dioxide. It can be concluded that in cultivated soil approximately
70% of the rarbon in the Flonac molecules was oxidized to carbon dioxide
in 28 days. Rate of degradation of Flonac 250 was somewhat slower in
uncultivated soil; it was approximately one-third of that in cultivated
soil. when the synthetic polye'lectrolytes were tested under the same
experirrental condi tions, it appeared that carbon-dioxide generation was
somewhat suppressed, particularly in the high cationic copolymer applica-
tions. This phenOmenon was considered to be due mainly to the coagula-
tion effects on the physical properties of the test soilds. According
to Takahashi  8!, nitrogen data indicated that similar trends were
observed for Flonac 250. Inorganic nitroqen produced by the degradation
of polyelectrolytes in the scil environment is taken up by plants as a
nitrogen source. It was a conInon observation that the soils containing
Flonac often exhibited enhanced plant growth.
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Elapsed Time

1 Day 4 Days 9 Days 16 Days 28 DaysSoil Coagulant

Culti-
vated

No coagulant

Flonac 250

2.68 5.66 8.65 12.07 17. 37

4. 75 11. DD 19,96 29. 32 39.03

2,39 5.09 8.07 11.49 16.88

215 407 617 865 1262

D i a f 1 oc KP-007

Praestol

Uncul ti-
vated

No coagulant

Flonac 250

Diafloc KP-007

Praestol

The Nishiha ra SD sludge centrifuge wa.s used for dewaterabi lity studies on
anaerobically digested sludge, primary sludge plus excess activated sludge,
and excess activated sludge only. The most effective applications of the
chitin-chitosan~rived polymer were found in relatively low pH sludges;
on the other hand, the synthetic polyelectroiytes exhibited a wider
application range, even in high-pH and high-alkalinity sludges such as
anaerobi cally digested sludge.

F'lonac N and Flonac 250  chitosan-derived polymers! are manufactured from
crab shells; thus, their quality tends to vary with the species and age of
the crabs. Production control of Flonac is therefore important for its
consistency in quality, because quality affects its sludge-dewatering
performance,

The toxicity and biodegradability tests indicated that Flonac exhibited
less toxicity than other synthetic polyelectrolytes and that rapid decompo-
sition of Flonac will take place in soil environments when compared with
the degradation of other synthetic polyel ect rolytes . Thus the ultimate
disposal of dewatered sludge with Flonac poses no detrimental effects on
soils and crops.

Resource recovery of crab shells, which cause pollution of marine
envi ronrents and disposal problems on land, has been an added advantage
in successful utilization of the chitin-chitosan-derived polymer as a
wastewater-sludge conditioning agent.
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Figure 5. Uncovered SD Sludge Centrifuge, Model 700P
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THE RECOVER'Y DF PROTEIN AND PIGMENTS FROM SHRIMP AND CRAB
MEAI.S AND THEIR USE IN SALMONID PIGMENTATION

Kenneth L. Simpson

Departmen . of Food Science and Technology
University of Rhode Island

Kingston, R, I, 02881

ABSTRACT

A process was developed for the recovery of shrimp protein as a by-product
of a chitin-recovery operation. The protein was ext.racted and precipitated
from shrimp waste by acid and heat treatment. The coagulum was found to be
80.5'X water and 7.6% ash, or 10% calcium and 74K protein on a dry-weight basis.
It was low in bacteriological counts, had little odor and compared favorably
to reported amino-acid profiles for other shrimp meals. The protein and pigment
extract of the meal was fed to rainbow trout. After two weeks, significant
amounts of astaxanthi n and ' ts i somers were incorporated i nto the flesh and
skin of the trout. The results show that the shrimp coagulum could be used as
a pigment and protein source for salmonids raised in aquacu I ture .

IN T RDDUCT ION

Agricultural and marine food industries are established for primary products
such as grain, canned vegetables, shr imp or crab meal and fish fillets. These
industries are often established without much thought being given to enviionmental
problems or by-products, In some cases, as in the crustacean meat industries,
the waste material can represent an amount greater than BOS of the landing.
Disposal operations in the future will have to meet increasingly more stringent
ecological standards, as well as attempt to recover valuable protein and other
products. These waste products must compete with other products that they
might replace, such as protein, lipids, etc., or t:hey must create their own
market, The economic stability of a processing plant cannot help but be
improved if by-products can be developed from waste. The total utilization
of renewable resources certainly is a goal that is wor th pursuing and can be
reached as new technology is developed� .

In terms of dollars, shrimp is an extremely valuable fishery, Current
domestic and imported shrimp amount to more than a ha'if billion pounds per
year �, 8!, In processing shrimp, the head and hard carapace are removed
during semi -mechanized peeling operations . Waste material accounts for
approximately 70K of the whole shrimp and may approach 85'X in the processing
of other crustaceans such as the Atlantic deep-sea red crab,

It has been es]imated that the solid waste from the crab industries is
now in excess of 10 Kg/year in the United States �!. Shrimp and crab
meal made from this waste has had limited use as a protein supplement
because of the large proportion of exoskeleton material in the meal and, in
most cases, the taste of the product. Although the protein level on a
dry-weight basis varies from 25-40%, the high calcium level may have a
deleterious effect on its overall nutritive value.
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Crustacean meals have also been used for their pigment content, especially
astaxanthin and astaxanthin ester. Lambertsen and Braekkan �! determined the
astaxanthin content of a number of Norwegian and foreign dried shrimp meals and
compared these to vacuum dried meals. The astaxanthin content of industrial
meals is generally low, and can even be absent in some commercially available
meals� . Higher levels were obtained with vacuum dried meals but even these,
under storage, lose pigmentation, Other authors �, 9, 11! have shown that
careful drying of crustacean meals allows their use as a pigment source.
The use of the whole meals fr om deep-sea red crab as a pigment source has not
been satisfactory, however, because of the difficulty of the biological
extraction, and other meals have proved equally unsatisfactory because of
inert material and pi gment instability under normal storage conditions.

We would 'like to describe the preparation of a shrimp-protein coagulum
as a by-product of chitin processing at Marine Commodities International in
Brownsville, Texas, in which the recovered protein was intensely red �!.
This red protein was evaluated as a protein and was tested as a pigment source
for salmonids,

The shrimp-waste material from mixed shrimp species was obtained from
processing plants in Mexico. The mechanical separation of the proteins
from shrimp-processing waste was accomplished by an initial grinding to
produce a particle size no greater than 10 rmn. The resulting slurry was
passed through a Baader Fish Bone Separator to remove the shell material.
The protein slurry was acidified with acetic acid to the isoelectric point
of the protein  pH 4.5!, treated with 0.1% TBHO Tenox  Eastman Chemical! as
an anti-oxidant and allowed to coagulate for one hour at 80' C in a stainless-
steel tank . The coagulum was dewater ed by filtering in cloth filter bags or
centrifuged in a Sharpies P-600 horizontal bowl centrifuge, The coagulum was
packaged in air-tight bags, frozen and shipped by air fr eight in dry ice
to Rhode Island.

The characteristics of the coagulum were determined by several
independent laboratories as well as by Marine Commodities International  MCI!
and the University of Rhode Island  UR I! . Amino-acid analysis was performed
by Texas A 5 M University laboratories  personal cormunication with R.
Nickleson! according to the method of Cobb and I-lyder �! for which a fully
automatic 120c spinco amino-acid analyzer was employed. Microbial counts
were performed by Texas A il M University laboratories  personal communication
with R, Nickleson! using the method of Surkiewicz �4!, Moisture, ash
and protein were determined by the AOAC methods �970!,

The carotenOids wer e extracted and identified by the method of Sai to
and Regier  9! and Kuo et al. �!.

A cormercial trout feed manufactured by Zeigler Brothers Feed Mills,
Inc,, of Pennsylvania was used to feed the control fish. This diet was found
to contain 35.3~ crude protein, 6.3X crude lipid, 4,9l fiber, 10.4% ash,
10. 0% water and 33. 1% nitrogen-free extract �!, plus amounts o'f 0-carotene
� ug!. Astaxanihin was not isolated from this diet �!. The fish were
fed this mixture at the hatchery prior to our purchase, and the feed was
continued as a control.
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The desired amount of carotenoids extracted from the frozen shrimp protein
was dissolved in a sma 1'I amount of petroleum ether  PE!, and this was added
to the control pellets. The PE was removed under vacuum in a flash evaporator
at 40' C. The pigmented diet. was kept. in a dark refrigerator prior to
feeding.

The shrimp protein was mixed with other nutrients to constitute 10K
of the mixture by dry weight, The diet was used on the Oregon Test Oiet
�!. The procedure was similar to that used by Kuo et al. �!.
Fish culture

Rainbow trout.  Sa imp gai rdneri ! wer e purchased from American Fish
Culture, Rhode Island, and held in 125-gallon fiberglass tanks with flowing
water � gal/min! and supplemental aeration. The water temperature was
maintained at ll' C and the 02 level was maintained at 8 ppm �, 4!. Sixty
fi sh of 140 g average size were distributed evenly between the four tanks .
After 30 days, the fish were fed the diets at the rate of 3'A of body weight
per day,

Anal sis of carotenoids in fish

The fish were sacrificed after the feeding periods. The fish flesh was
cut into pieces and ground in a blender in acetone to extract the pigments.
The pigments were purified and identified �, 4!,

The protein coagulum was found to have the following analysis: moi sture
80.5%; ash, 1.5K; calcium 0.2I; protein 14.4X �.2% N x 6.25 uncorrected
for chitin N!. Table I shows the amino-acid profile of the protein coagulum
compared to casein and to other crustacean meals. The protein cOagulum is
marginally different from other shrimp meals. The shrimp protein is higher
than casein in arginine, aspa. tic acid, glycine; lower in valine, glutamic
acid and proline; and similar in the other amino acids. Tryptophan and
cystine were not analyzed by this method. The protein coagulum gave a
calculated PER of 2.709. Bacterio1ogical ana'iyses on the coagulum were
conducted on similarly prepared products and were found to be low in
bacterial contamination.

The carotenoid content of the shrimp meal as recei ved from 14CI was
determined on the frozen samples and on a tray-dried sample  Table 2!. The
frozen sample contained trace amounts of the typical plant pigments lutein
and zeaxanthin, These pigments were the main pigments in the fish because
of the commercial feed that was used. Other minor pigments were isolated
which are characteristic of crustacea �0!. Astaxanthin and astaxanthin
ester together constituted the main pigments.

A rather large amount of astacene was also isolated, presumably as
a result of the various handling and processing steps prior to freezing.
It can be seen that the tray drying �0' C. 12 hours! of the coagulum resulted
in a great loss of pigmentation. While the dried protei n was red, it
contained only sma'll amounts of astaxanthin and astacene.
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Table 1 . Amino-Acid Profile  as gAA/ 1 6g Nitrogen� ! of Freeze-Dried Shrimp
Coagulum and Other Proteins �!

ISP Sun-Dried Spray-Dried Freeze-Dried
Casein �5! �5! Shrimp Meal  8! Shrimp Meal �! Coagulum

Amino
Acid

Arginine

Hi s t I din e

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Threonine

Tryptophan

Valine

Tyrosine

Alanine

Aspartic Acid

Cystine

Glutamic Acid 14. 38

6.45

7.05

5.20

Glycine

Proline

Serine

A pigment extract was made of the frozen shrimp meal, and this was fed together
wi th a commercial ration . Table 3 shows the results of feeding the shrimp-protein
extract for two weeks. Astaxanthin, astaxanthin ester and astacene were absorbed
in about equal amounts. The higher levels of the feed pigments �utein and
 zeaxan thin ! found in the fish were unexpected and may represent an increased
absorption of pigments due to higher lspid levels.

Table 3 also shows the results of feeding a 10" ,shrimp-protein diet for
two weeks, This diet contained less than 1/ 10th the amount of pigment contained
in the ZO mg I diet. These results show that the fish also contained somewhat,
less than 1/10th the amount of pigment. We expected this level to be far lower
since some difficulty was experienced in getting the fish to take either the
control or the shrimp-meal diet. Initial studies with a diet of corn oil as
a lipid source supplemented wi th u-3 containing lipids was not eaten by the
fish, The results reported here were with a fish diet containing herring oil.
The initial mean weight of the fish was 140 g. At the end of the feeding trials,
the control fish and the fish fed the two pigmented di ets averaged 174- 175 g.

4.07

3,02

6.55

'I0,05

8.01

3. 08

5. 39

4. 28

1. 33

7.39

5.82

3.35

7.39

0.38

23.05

1.99

11,75

6.65

7.3 6,31 8. 06 6.31
2,5 1.90 2.97 2.09

4.9 3.26 5.17 4.68
7.7 7.57 8.14 8. 10

6,1 6.'I7 8.34 7,36

1,1 2.84 2.60 2.62

4.56 5.05 4.01

3.7 4.28 3,91 4.65
1.4 1.26 6,73

4,8 4,42 5. 62

3.7 3.64 3. 6'I

3.9 5.29 7,14

11.9 10.74 8.63

1.2 1.59

20.5 15.46

4.0 4.29

5.3 3.44

5.5 4.53
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Table 2. Composition of Carotenoids in Shrimp Meal before and after Drying �!

Before Drying After Tray Drying
 ug/g dry basis!Carotenoids

3,3'-Dihydroxy- B-carotene

Echinenone

1,36

0.25

Isocryptoxanthin

Canthaxanthin

4-Keto-4' � hydroxy-8-carotene

Dihydroxypiradixanthin �!

Luiein trace

trace

66.1

55.4

7.19

10,3

6.26

trace

Table 3. Composition of Caroteoid s in FiSh Fed Pigmented Diets for 2 Weeks   3!

Carotenoids, . d . ht Control Pi/u / dr wei ht

0.10

trace

1.79

0.75

l elated experlmente, hale f eeze-d led red-trad aat  ~Ge a ~ain made af
was fed to rainbow trout �!. Fish were sacrificed after 15- and 23-week feeding
periods  small fish! and 4-week feeding periods  large fish!, In the control fish,
small amounts of 'iutein ester, trace amounts of x-cryptoxanthin and a few
unidentified ca rotenoids were found, The experimental fish had a mean weight
of 34 g after 15 ' weeks �.21 ug total carotenoids per fish! and 51 g after
23 weeks �.162 ug total carotenoids/per fish! of feeding on the 20K crab meal
diet �5.4 ug crude protein/g diet!. Astaxanthin ester, free astaxanthin and
astacene were isolated from these fish. In addition, the plant pigment lutein
ester was also isolated  Tab'le 4!. The amount of total carotenoids per gram fish

2eaxanthin

Astaxanthin ester

Astacene

Astaxanthin

~-Cryptoxanthin

Can thaxanthin

Lutein

2eaxanthin

Astaxanthin ester

Astacene

Astaxanthin

0. 38

0,39

0.74

4.66
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was almost the same in the fish after 15- and 23-week feeding periods--0.065
and 0.062 ug total carotenoids per gram respectively, Large fish �32 g! were
fed the 20K crab-meal diet to assess the effect of size on the uptake of
carotenoids from the crab meal. After 4 weeks the control �67 g! and the
crab-fed fish �65 g! had increased in size, but the 'level of astaxanthin
was the same as in the smaller fish  Table 4!.

Table 4. Carotenoid Content of Fish Fed 20% Crab-Waste Diet �!

Concentration of Carotenoids  ug/g!
Control*
Diet

15 Weeks

Crabmeal Crabmea1 Control~ Crabmeal
Diet Diet Diet Diet

15 Weeks 23 Weeks 4 Weeks 4 WeeksPigments

Total:

Astaxanthin 0.051 0.052

0,052 0.014 0.01

25 g fish at the beginning of the experiment
~1 32 g fish at the beginning of the experiment

Large fish  85 g and 132 g! were fed commercial trout pellets on whichpigment extracts �, 1 and 0 . 2 mg/g diet! had been adsorbed . After 4  Table 5 !
or 7  Table 6! weeks on this experimental diet, the trout had a strong orange-
pink flesh and fins and a vivid red streak on the skin, whereas the control
trout flesh remained grayi sh white in color and only a faint yellow-orange
streak was present on the skin. The pigmented-dief.-fed fish as well as the
controls exhibited similar mortalities over the feeding periods .

Table 5. Carotenids of Rainbow Trout Which Were Fed on Pigmented Diet
�.2 mg carotenoids/g diet! for Seven Weeks �!

The concentration of carotenoids waS calculated in saponified forms,

Zeaxanthin

Lutein

Canthaxanthin

0,056

0.26 0.23

0.33 0.26

0.01 trace
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A second experiment was run with larger fish �32 g with 0.1 mg/g diet!
over a 4-week period  Table 6!. The final average weight of the 5 fish sets
were 167 g for the control and 169 g for the extract-fed fish. The larger
fiSh Were faund tO be rapidly pi gmented OVer the 4-week periad With 0 . 1 vg/g
carotenoid content added to the feed.

Table 6. Carotenoids in the IIainbow Trout Fed on 0.1 mg/g diet for 4 weeks �!

Concentration  ug carotenoid/g Fish!
Control 0,1 mg/gPi gment

0,88

0.21

0.27

0.0008

Total astaxanthin

2eaxanthin

Lutein

Canthaxanthin

a-Cryptoxanthin

0.26

0.33

0.013

trace trace

The fish in one study were of a nearly uniform size at the start of the
feeding experiments. After a 4-week adaptation period on a control diet and
a 7-week period on the pigmented diet, the fish went from an average weight
of 85 g to a range of 90 g to 172 g. The color of the flesh ranged from a
faint pink to a strong orange-pink. The large fish contained the greatest
concentration of pigment. The f'ish clearly obtained astaxanthin from the
diet as had been suggested by Steven �3!.

DISCUSSION

The results of these experiments show that the protein or a pigment
extract of the protein would be effective in the pigmentation of sa lmonids.
These results also show that the protein should have properti es similar to
the protein in shrimp meal,

The red or yellow color of the fins, skin and flesh of salmonid fish is
due to the carotenoids. The carotenoids that occur most' commonly are astaxanthin
and its ester, cantaxan thin, lutein and, to a lesser extent, 6-carotene
 Figure 1!. Trout and salmor reared on most commercial feeds lack the natural
red color because these red pigments are not contained in the feeds. A number

The total utiiization of crustacean waste has been the subject of the reports
of numerous investigators. The waste is composed mainly of calcium carbonate,
chitin, protein and carotenoids. Variation in proximate analyses will depend
on the species, sex, metabolic state and subsequent processing, handling and
storage. The shrimp-protein concentrate used in these experiments was prepared
by MCI as a by-product of a chi tin-chi tosan recovery procedure. Normally
an alkaline digest is used for the recovery, but experiments were conducted
with a mild acid coagulation since alkali is known to convert astaxanthin
tO astacene, The resulting product was found to be low in calcium and
bacterial contami nation and hi gh in protei n quality and astaxanthin
ester/astaxanthin content.
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of authors have fed salmon various preparations containing these pigments and
have established the fact that the diet must contain these pigments if the
flesh is to contain the natural coloration �!. At the moment, there is
no good, stable source of natural salmon pigments, A number of authors have
shown tha t various crustacea such as the pelagic red crab  'll!, extracted or
whole, shrimp waste �2!, crab and shrimp waste  9!, and deep-sea red crab
�! can be used. These reports would not. appear to be a long-term answer to
the needs of aquaculture for pigments. The limitations are as follows:

1! Difficulty of pigment extraction from the mea l. This varies from
very difficult for the salmonid in the case of deep-sea red crab
to less difficult for shrimp meal.

2! Problem of the stability of the pigments. There are, at the
moment, serious problems in pigment stability on drying and
storage  Table 2!.

3! Whole meals contain inert material such as chitin and deleterious
elements such as calcium that detract from the nutritional value
of the feed,

There is a market for these pigments in the aquaculture industries. For
instance, the price of aquaculture-raised products can be more than 25< per
pound higher for the pigmented fish.

Because of the high water content and perishable nature of the shrimp
protein reported here, the fresh protein is not the complete answer. Drying
the protein is also not effective because of pigment loss,

What would appear to be practical would be an integrated approach to chitin
recovery in which the pigment was either extracted along with the other iipids
or precipitated with the protein at a mildly acid pH  lower levels of pH
or alkaline conditions would rapidly destroy astaxanthi n !, The protein could
easily be extracted for its pigment content. Thus, the limitation on shrimp
or crab meals for animal use would be removed by the separation of the
pigment and other lipids and the protein into separate products. The
protein would be colorless and odorless and the pi gmen t would be in an oil
that could be suitably protected. The chi tin would be unaffected by the
removal of products for which there are demonstrated markets.
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THE CHELATING PROPERTIES OF KYTEX H CHITOSAN

H. Hauer

Hercules Incorporated, Research Center
Wilmington, Delaware 19899

ABSTRACT
*k

Kytex H chitosan has been evaluated as chelatfng resin by physical
and chemical techniques. Porosimetry studies suggest that the flat, angular
particles are "gel- like" rather than macroporous with very large  ~70 A
median diameter! pores, The anticipated rapid absorptfon of fons was confirmed
by direct kinetic measurement.

In contrast to the behavior of commercially available chelating resins,
Kytex H chitosan exhibits only an BX increase in volume upon exposure to base
from acid . Columns packed wi th thi s chi tosan exhfbi t low back pressures, an
effect probably due to the irregular shape of the flake. Chitosan's thermal
stability was demonstrated through use of differential thermal ana lySis and
thermogravimetric techniques.

The metal bi nding capacity of Kytex li chitosan compares favorably with
commercially available chelating resins. Chitosan is relatively inert to
alkali metals and alkaline earth ions; ft is thus superior to the other
polymers tested for the recovery of transition metals in alkaline or saline
waters. Chitosan's main disadvantage is its solubility in all acid media
except sulfuric acid. Although long-term exposure to sulfuric acid does
indeed break down the polymer, short-term cycling in dilute acid  < 3X !
should have little effect.

INTRODUCTION

Chitosan, a high-molecular-weight linear polymer of anhydro-N-acetyl-
O-glucosamine has for many years been recognized as a scavenger for metal
ions. This property fs derived from the amine function in the C-2 position
of the glucose ring. As a weak-base anion-exchange polymer, chitosan, unlike
commercial weak-base anionic-exchange resins, may also be class~fied as a
chelating resin. Its complexing ability is a direct consequence of the
base strength of the primary amine, and it is most effective for those
metals that form complexes x i th aiivnonia, e. g ., copper, zinc and mercury.
Characterization of Kytex H chftosan has revealed a number of advantages
fOr thiS material OVer COmmerCial ly aVailable chelating r eS i nS . ThiS wOrk
relates the physical and chemical charactei fstics of Kytex H chitosan and
compares them with commercially available chelating polymers, Chelex 100
resin  Bio-Rad Laboratories! and Amberli te XE-31 8 resin  Rohm and Haas
Company!.

*Hercules Research Center Contribution No. l698
**

Hercules trademark for catfonic marine polymers,
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DISCUSSION OF RESULTS

Ph sical characterization

Kytex H chitosan polymer exists as flat, angular particles with a ridged
structure. A photograph of this material a . 1200x magnification is shown
in Figure 1. The Kytex H chitosan "flake," sized to pass through a np 8
sieve, is of coarse-particle distribution, 94K greater than 50 mesh.
Other pertinent data are given in Table 1 . The results of repeti ti ve
analysis are shown parenthetically in the table, To obtain a more homogeneous,
and thereby more representative, sample of I'ytex H polymer, the chitosan
was milled through a 30-mesh screen after the addition of dry ice. The
chitosan was milled repeatedly and resieved to the desired mesh after the
dry ice had evaporated thoroughly. All subsequent experiments were based
on the milled material.

Table 1, Kytex II Chi tosan, as Manufactured

Shape

Particle
distribution

Functional rou ca acit  NH2!

The total exchange capaci ty of the resin, 4.8 meq/g, is derived from the
amine content of the dry weight of the polymer. The volume capacity, 3.3 meq/ml,
was determined by measuring the interstitial column volume of a packed column
�!. Interestingly, the fractional column void volume observed, 0.39,
compares closely with that for a column of spherica 1 particles, 0.40.
Apparently, the irregular shape of the milled and si eved chi tosan flake
does not permit a tight compaction  the bulk density of the column was
0.28 g/cc!,

Thermal s tabi lit

A rather surprising observation is the high temperature stabi'lity of
chitosan, a decomposition temperature of 230' C in air. This value was
obtained as the point at which the exotherm  differential thermal analysis,
DTA! deviated from the baseline. In a nitrogen atmosphere, no decomposition
was observed until ~260' C, The thermally induced weight loss of chitosan
and commercially available chelating resins is shown ih Figure 2. The
predominant reaction through ~IOO' C is that of water 'loss, The chitosan
and Amberlite resins display little change in behavior until about 225' C.

Moisture
Ash
N
NH2
X deacetylation
Viscosity
Bulk density

Flat, angular particles with ridged or layered
structure

>20 mesh 54.8%
20-50 mesh 40.5X
50-100 mesh 4,4%
100-200 mesh 0.3X
9.8X  9.44!
1.9K
8.2I
7.3% �.71, 7.77%!

77.9K  82.6%!
2800 centipoises  IX i ~ 1% acetic acid!
0. 14 g/cc
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These data do not contradict the result of the differential thermal analysis
described above; the weight-loss data indicate production of volatiles, while
OTA gives a general indication of chemical or physical transformation.

The low water content of chi tosan is a definite advantage when considering
thermal stability. Columns oacked at ambient temperatures could be operated
at ~ say, 75' C with minor changes in bed characteristics. This would hardly
be the case for the commercial resins, which experience approximately 40%
weight loss at 70' C. The high temperature limit of chitosan stability
�30-256' C, depending upon the atmosphere! may suggest unique uses for
this material; chela tion is nighly unlikely at those temperatures.

One of the disadvantages of the general class of ion exhchangers is the
marked change in bed volume with ion absorption. This swelling or contraction
can lead to column breakage or plugging of the bed: a threefold increase
in resin volume on passing from the acid to base form is not uncommon.
Chitosan, on the other hand, exhibits very little volume change on exposure
to acid or base; water:acidroase = 1.0:0.99;'I,07. It is difficult to
estimate the absolute degr ee of swelling  volume change! of the chi tosan
from comparison of its specific volume in organic versus aqueous media. The
sponge-like hydrophilic structure of the chitosan permits water to enter the
interstices, and therefore the flake appears to have a smaller volume in
water than in organic solvents   Table 2!. The marked affini ty of chi tosan for
water is reflected in the "weight swelling" value, 0.5 g water/g water-
saturated polymer . However, this high water reten tion does not necessarily
lead to a severe increase in volume. The lack of swelling of the polymer
was apparent in experiments designed to evaluate the volume capacity; a
column was drypacked to a chitosan bulk density of 0.28 g/cc, yet there was
negligible resistance to water flow on back-flushing. Ouantitative estimates
of the pressure drop of chitosan-packed columns also suggest that swelling
is minimal  Table 3!.

~to 1 o t i 1 i t

One of the prime requirements for an ion-exchange resin is that it remain
totally insoluble in the worxing solution. Although chitosan is reported to
be insoluble in sulfuric acid, long-term exposure to sulfuric acid does indeed
break down the polymer. After 57 days, 6.7l of the chitosan had dissolved
in 10K k2SO , while 1.1% had dissolved in 3X k SO  rhese values are corrected
for CaCO aIId are based on a chitosan carbon cbntfnt of 45K!. Since chitosan
exhibits varying degrees of solubility in organic and other inorganic acids,

3

sulfuric acid would appear to be the reagent of choice for the elution of bound
metal ions. However, these data strongly suggest that the chitosan flake
must be modified, i.e,, crosslinked, to withstand prolonged severe treatment.
Short-term cycling in dilute sulfuric acid should have little effect.

~oo oei et

The porosity of an ion-exchange resin can determine the rates of the ion-
exchange reactions and the limiting size of ions that can penetrate a resin
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Table 2. Yolume Expansion of
Kytex H Chitosan �0-100 mesh! by Pycnometry �5'C!

Specific Specific Yol.
Gravity  g/cc!  cc/g!Sampl e Medium

H20
H 0

Iso-o/tane

1.572
1.604
1.490

0. 636
0.624
0,671

Water-saturated
49,4S H 0 H20

H 0

Water-saturated; acid/base
Control
1 N H~SO4
1 h NSOH

1.246
1.262
1.166

0,803
0.792
0.858

a16-18 hrs; H20 determined by Karl Fischer method
6 hrs, 105-110' C

c
Water-saturated material aspirated for 30 minutes; water
determined by drying at 105-110'C for 6 hrs

d
Corrected for water content

Table 3. Pressure-Drop Characteristics
of Columns Packed with Kytex H Chitosan

Pressure at FlowaColumn DimensionsMesh

None at 10 ml/min

160 psi at 10 ml/min

35.6 cm, 0.4 cm i.d.

18.4 cm, 0.4 cm i.d.

50-100

100-170

aPressure characteristics maintained even after flow kept at
2 ml/min for 90 minutes

b Evidence of channeling

Freeze-dried a

0.4t H20
2, 5X H20
2,5'X H 0

2
Oven-dried

H 0
Iso-octane
Heptane
n-Butanol
Ethylene glycol

I-I 0
H 0
H20

1,621
1,464
1,447
1.475
'I . 409

1 . 216d
1. 564
1. 223d
1. 592

0.617
0.683
0.691
0.678
0.710

0,822 d
�.639!
0.818 d

�.628!
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matrix. Ion-exchange matrices are essentially of two types:  A! a sing'Ie-
phase homogeneous gel, e.g., Che'Iex 100; or  B! a two-phase, heterogeneous
structure often termed macroporous, e.g., Amberlite !IE- 318. Physical methods
used to determine the pore volume, size, surface area, etr , on the dry
material have questionable significance when solution behavior is to be
predicted, This is especially true for homogeneous gel-type particles, Never-
theless, porosimetry can be of value as an indicator of solution behavior in
nonswelling systems  organic solutions or nonsweiling polymers, e.g.,
chitosan!. Figure 3 details the pore characteristics for the three chelating
polymers, chitosan, Chelex 100 and Amberlite ! E-318. A quantitative summary
of the data, obtained on an Aminco 60,000-psi porosimeter, is presented in
Table 4. The similarity between the chitosan and Chelex resin suggest that
chitosan, too, has a gel-like structure, i.e., very large pores. Some of
the pOr e StruCtur e of Chi tOSan may be due tO inter -ridge SpaC i ng Seen in the
micrograph. This view is supported by a sever e decrease in porosity on
drying the polymer  as opposed to lyophilization!, an effect not observed with
the more structured macroporous Amberlite resin, As is expected, grinding
the chitosan to a smaller mesh leads to increased pore area and thereby a
more accessible pore volume  Table 4!. The observation of very larqe pores
predicts reasonably rapid ion absorptiOn for the chitosan; the converse should
hold for the Amber! i te resin . This predi cti on was confi rmed by the di rect
measurements of the rate of absorption of silver ion .

Surface functiona~lit

Electron spectroscopy for chemical analysis  ESCA! of the three chelating
polymers in the silver form   Kytex H, Chel ex 100, Anberli te XE-318 ! was
employed to identify the surface atoms and establish the surface coordination
dentate number, the numbers of ligand atoms per silver atom; ESCA detects
those atoms within 20-60 A of the surface. Although not unequivocal, the
data presented in Table 5 suggest that chitosan has the moat Surface nitrogen
available for chelation. The other resins appear to have a more carbonaceous
outer layer, higher C/0. The Amerli te resin bead seems to have its oxygen
and nitrogen functionality "buried internally." The necessity for the presence
of N and 0 ligands is suggested by binding capacity data and pH behavior.

Metal bindin ca acit of chitpsan

Most of the work concerning the chelating properties of chitosan has
been done by R.A.A. Muzzarelli �!. In addition to the general literature,
M.B. Muzzarelli holds a patent covering the chelating properties of chitosan
�!. Masri, Reuter and Friedman �! have compared the metal-binding capacity
of chi tosan with poly   p-amino- styrene! . The binding capacity of ch i tosan
for various metal ions varies between fractions of a millimole to about 3
aanols depending upon the author, The apparent discrepancy between these
values can be resolved by realizing that the total bindi ng capacity is often
a function of the total metal ion concentration exposed to the polymer. For
the data offered by R.A.A. vluzzarelli, the maximum meta I ion the pOlymer
has seen is approximately 0.1 mmol per gram; for Masri et al. the ratio of
metal/chitosan is 20 mmol/g. Table 6 compares the metal binding capacity of
Kytex H chitosan with the two commercial chelating resins. The proton
binding capacity is determined by the number of' amino groups, in the case of
Kytex H, and by the nominal values on the bottle of resin for the cotmnercial
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Table 5. Surface Functionality ofa

Chelating Polymers  Ag+ 1-orm! as Oetermined by ESCA

Carbon Nitraqen
0;~ggn ver

Sample
b

Kytex H �0- 50 me s h !

Kytex H

Chelex 100

Amberli te XE-318

1.25

1.28

1.07

0.38

2.00

1.92

2.82

5. 92

a
Only those atons listed were considered

b
Resins are 50-100 mesh unless otherwise indicated

products. The anion exchange capability of chitosan is demonstrated most
effectively by the very high binding capacity for sodium dichromate, The
variation in capper binding capacity with pH leads to the pEediction that the
protonatian constant of the chitosan polymer is at least 10~.8. This is
estimated from the decade increase in copper-binding capacity between pH 3.4
to 4.8. It is important to bear in mind that the metal/chitasan ratio for
this work is 2-3 mmal/g versus the 20 mmol/g used to obtain the data in refer-
ence 2- Thus, our bind ing capacity would naturally be somewhat lower than
that observed by those workers.

Kinetics of ian absar tian b chelatin resins

The micrakinetics of ian absor ption of chelating resins is influenced nat
only by diffusion of ions ta the resin, but by the second-order reaction of the

An outstanding characteristic af the chitosan polymer is the lack of
binding capacity for alkali metal and alkaline earth ions. This is shown most
dramatically for magnesium sulfate in Table 6. To exploit this phenomenon, the
chitosan was exposed to low levels of capper and zinc ions in moderately
alkaline, medium salinity water  Table 7!. The pH's observed were those
measured in the presence of the polymers. Prewashing of the Ian-exchange resins
did nOt affect these values. As the data indicate, chi tosan has a clear
advantage for the binding af transition metal ions that form strong ammonia
complexes in the presence of high concentrations af calcium and magnesium.
This was also demonstrated by Muzzarelli at microgram levels, A possible
objection to the data is that, for the Chelex and Amberlite resins, the metal
ions were removed from the solution by hydroxide formation and were thus not
available for binding to the resin. However, pre-analysis of the metal ion
stack solutions confirmed the desired pH and concentrations. The increasing
pH must therefore be due to impurities within the ion exchange resins. If in
fact the pH of the solutions in the presence of these commercial ion-exchange
resins is ~ 9-10, then the metal hydroxides would have precipitated on the
resins and would have been removed from salutian. At that point, it is of 'little
concern as to where the hydroxide is formed, so long as the metal ion is
indeed removed from solution.



270

Table 6. Comparison of Metal-Binding Capaci ties
o f C he 1 at in g P o 1 ymers

 polymers are 50-100 mesh!

Solution Salt pH Kytex k Chel ex 100 Amber lite XE-318

4.8 2.9 5.3

0.01 1
0.19

H+

Cr NO ! 3.0-3.4
5.0-4.4

NaZCr207 2HZO2.4-3.4
5.0-5.7

2.0
2.6

3,0-3.4
4,8-4.5

5.0
10

4.85
4,45

0.011CuS04
?.23

0,24
2.60

2.62
2.96Cu NH 
+

3 4
�.3 M NH3!
MgS04

2.65 2,70

2,0-2.1
4.0-6,0

8.5
7.6
9.2

Zn N03
 6HZO 6.1-6.2
3.1-3.0
6.2-5.8

Cd N03
-4HZO 7.2-6.5
3.8-3.5
4.0-3.1

5.1
4.0-3,1

4.6

0.0033
0. 012
0. 043

1.99
2.20

1.34
2.07

3.54

1.25
1.81

2. 35

1,71
2.35

3.07

Test Conditions: Solution 15 ml volume
A: 15 ml of 0.2 M salt, 2 ml of 0.16 M Na2$04
8: 15 ml of 0.2 M salt
C: Stock: �4 ml Of 0.2 M Cu504, 5 ml of 0.16 M

Na2$04, 2 ml concentrated NH40H! to 50.0 ml

Polymer: Kytex k: -115-01.17 g
Chelex 100, Amberlite XE-318: 0.71 g
Polymers are of equivalent weight on a dry basis,

Equi librate wi th stirring for 20 minutes.
Filter  glass disk! wash with 3 20-ml al i quots of distilled

water
Analyze ashed polymer for metal content by atomic

absorption
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Table 7, Comparison of Metal-Binding Capacities of
Chelating Polymers in a Synthetic Industrial Cooling Watera

Amount Recoverable �02 mmol/g!
C 2+ Zn2Chelatfng Polymer pH pH

�0-100 mesh!

Kytex H  Chitosan!

Chelex 'l00

Amberlite XE-318

6.9-7.0 2,96 7.4-8.0 2.13

9,2-10,0 1,02 9.6-10.0 1.00

10.8-10.9 1.12 10.6-10,8 1.54

Test Conditions; Solution: 25 ml volume

Cu N03
 3H20:1,69 x 10 M �0.7 ppm Cu! in cooling water
Zn N03!., 6H20:1.76 x 10 M �1.5 ppm Zn! in cooling water2
Polymer: Kytex H: O.I5-0,17 q

Che'lex 100, Amber'lite XE-318: 0.71 g
Polymers are of equivalent weight on a dry basis

Equilibrate with stirring for 30 minutes.

Filter  glass disk! wash with 3 25-ml aliquots of
distilled water,

Analyze ashed polymer for metal content by atomic absorption.
a
Composition of synthef:fc industrial cooling water:

CaC12.2H20 442 mg 3.10 x 10 M 300 ppm Ca hardness as CaC03
MgS04 120 9,97 x 10 100 ppm Mg hardness as CaC03
NaC1 61 1.04 x 10 400 ppm Cl as NaC1

Na2S04 360 2.53 x 10 500 ppm S04 as Na2504
NaHCO 17 2,20 x 10 10 ppm alkalinity as CaCO

in l.00 liter distilled water, adjusted to pH 6.3 with 1 N H SO

ligand with the metal ion to form the chelate complex, In some cases, these are
responsible for the slow kinetics of ion absorption. The data in Table 8 illustrate
the rate of silver ion uptake by chi tosan in comparison with the Chelex resin and
Amber lite resin . These values are to be considered as relative rather than abso-
lute; the kinetics are strongly influenced by sti rrfng, total volume of the solution
and dispersion of the polymers. A conclusion that may be drawn without equivocation
is that the Amberlite ion-exchange resin is slower under the comparable conditions.
The chi tosan may have responded more rapidly had a pre-wetted sample been added to
the reaction flask; the commercial resins are essential'ly 70% water. The 964 reaction
time was used instead of the more common 50K reaction time to eliminate the influence
of mixing the polymers, which is obvious at short times. The difference between
7-10 minutes for Kytex H, 50/1 00 mesh, is due to the pr ecf sion of reading the recorder
chart; the difference corresponds to approximately 0.4 millivolt, twfce the precisfon
of measurement of the recorded potential,



272

Table 8. Kinetics of Silver-Ion Absorption of Chelating Polymers

Capacity  mmol/g!

Tritrimetry Potentiometry 964  min!
't

2.36

2.l9
2.23

2.42
2.14

20-50 2.192.8 2.36

Chelex 'IOO 50-100 3.0-4.4
4.5

3.88
3.84

3.74
3.88

Amber lite 50-1 00 2 .8
XE-318

4.64 134.45

Polymer: Equivalent of 1.0 g dry weight

Potentiometry; Orion Ag+/S Electrode no. 94-16A
Orion Double Junction Reference no. 90-02-00
Beckman Research pH Meter
Heath Potentiometric Recorder and

associated modules

Titrimetry: Polymer filtered, washed with 3 75-ml
aliquots of H 0, excess Ag+ determined
by Volhard prhcedure.

CONCLUS IONS

The metal-ion binding capacity of Kytex H chitosan has been examined under various
conditions and shown to be comparable to that of comnercial ion-exchange resins.
Chitosan has a number of advantages over the resins: it is nuns» lling in either
acid or alkaline media, " indifferent" to alkali metal and alkaline earth ions, and
thermally stable, In addition, the flake material exhibtts a low back pressure
in columns due to the irregular shape of the particles. Chitosan's main disadvantage
is its tendency to solubilize at moderately acid pH's, except in a sulfuric-acid
medium.

Pol ytne r Mesh pH

Kytex H 947 ~ 50 6.0
 Chitosan!

50-100 6.5
3.1-6.0

Test Conditions: Solution: 75 ml of 0.1 M AgN03 + O.l M NaNO>
5 n:1 of 0.015 M HN03 for pH 3 solutions
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Figure I. Scanning Electron micrograph ot Kytex H Chitosan,
1200X
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CHITOSAN AND CHITOSAN DERIVATIVES FOR REMOVAL OF TOXIC
METALLIC IONS FROM MANUFACTURING-PLAiNT WASTE STREAMS

M.S. Masri and V,Gi. Randall

Western Regional Research Laboratory
Agricultural Research Service, USDA

Berkeley, California 94710

ABSTRACT

We showed previously the binding of various metallic ions by chitosan
in equilibrilzn tests with known salt solutions. In this report, we demon-
strate, in batch tests and in column-flow operations, the effectiveness
of chitosan for the treatment of actual waste streams to remove, or
reduce to acceptable levels, the toxic rretallic ions. Wastes treated
were:  a! from electroplating and metal-finishing operations  with
disposal problems mainly of cyanide and salts of chromium, cadmium,
zinc, lead, copper, iron and nickel!;  b! from a nickel-salt manufacturing
plant  disposal of nickel and alkali!;  c! from a lead-battery manufactur-
ing plant  disposal of sulfuric acid and lead salts!; and  d! from
exhausted dyebath for wool fabrics in which dichromate is included in
the bath  disposal of chromium!. The chitosan was effective for reducing
the content of copper, cadmium, iron, zinc, lead and nickel salts and
sulfuric acid. Cyanide appears to have been partially removed. Although
chitosan as such is useful for treating these wastes, it may be
advantageous to use chitosan that has been partially crosslinked with
di- or polyfunctional reagents to impart increased resistance to sol u-
bilization with effluents of acidic pH. After the chitosan or its
partially crosslinked derivatives are used for treating the waste
effluents, it is desirable to have procedures for regeneration of the
chitosan matrix for reuse. Such procedures are being investigated and
appear feasible through the use of appropriate buffers.

INTRODUCTION

In previous studies �-4! we surveyed the binding of toxic and heavy
metallic ions by different types of synthetic resins and biopolymers in
search of inexpensive and readily available insoluble supports for treating
industrial waste effluents containing these ions. Chitosan  CHT! was
among the promising polymers we tested �!. It is particularly attractive;
it has a high capacity and a fast binding rate for many ions; it filters
well, and effluents can be passed through it in a column at relatively
fast flow rates; it has a buffering capacity for hydrogen ions due to
its high content of amino groups, and its free amino groups provi de means
for chemical modification. It is also a renewable natural resource that
could potentially be made abundantly and inexpensively available as a waste
by-product of fishery operations.

Ch i tosan has one undesirable property, however, froim the standpoint of
its use as a filter for scavenging metallic ions; it forms salts with
acids, and most of these salts are soluble in water. There are some
exceptions, for example the sulfate- and sulfite salts in-
soluble at ambient temperature  but soluble in boiling water!. The
insoluble salts may also be converted to soluble products in the presence
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of an excess of other acids due to the ionir. nature of the salts. In
addition, the sulfate or sulfite ions occupy the binding amino sites,
and this, in some instances, may not be conducive for binding before
these ions are exchanged. Insolubility of the supports at wide pH
range and solute composition are essential requirements for their
practical application as filters for metallic ions, In our recent
s t u di es o f po lyme r de r i va t i ves ba s ed on CHT f or en zyme in s o 1 ub i I i z at i on
and as finishing agents for shrinkage control of wool fabric  Nasri
and Randall, these Proceedings!, we found that partial crossl inking of
CHT overcomes the problem of solubility in acids,' and we have taken
advantage of this in some of the experiments we report here on metallic-
ion binding. Chitosan and its crosslinked products supplement other
waste treatment methods in uses that are based on chemical precipitation,
oxidation-reduction, adsorption, ion exchange, ultrafiltration, or
removal with starch xanthate �-7!.

ENPERINENTAL

Chi tosan   Food, Chemical and Research Laboratories, Seattle, Wash. !
was ground in a Wiley mill to pass lmm screen, and a 30-40 mesh  Tyler!
fraction was used.

Crosslinked CHT was prepared as follows: to 300 g air-dried CHT was
added 150 ml of a 25% aqueous solution of glutaraldehyde  GA!, plus 1200
ml water, and the mixture was kept at 20' C for 1 hour with occasional
stirring. The mi xture was then filtered, and the product  designated
CHT-GA-1.4! WaS WaShed With water and methanO1 and air-dried tO give
342 g.

In other preparations, the above procedure was repeated except
that the ratio of GA to CHT was changed  from the 0.5 ml GA solution/g
CHT! to �! 0,25 ml/g  product designated CHT-GA-0.7!; �! 0.75 ml/g
 product CHT-GA-2,0!; or �! 1 ml/g  product CHT-GA-2.6!.

u st ~ Ifq ~ s

The following waste solutions were obtained for treatment. All were
filtered before use.

Solution 1, Nickel waste: this was from a plant which manufactures
nickel carbonate; the waste had 7.2 ppm Ni and a pH 8.8  KOH is used in
th e man uf act ure! .

Solutions 2 and 3, Lead wastes: these were from a lead-battery
manufacturing plant; Solution 2 had 1.8 ppm Pb and 30 ppm Fe, while
Solution 3 had 1.8 ppm Pb and 14.5 ppm Fe Bath solutions were acid
 pH 1-2, sulfuric acid!.

Solutions 4-6. Plating wastes: these were from a supplier providing
a waste collection and disposal service. These solutions were from
metal plating and finishing operations. They were designated as received
from the supplier: copper, cadmium, and lead wastes �, 5, 6 respectively!.
The copper and the caranium wastes contained cyanide, and this was
noticeable by smell. Metal-ion analysis by atomic absorption  AA!
showed the following concentrations in part per million  ppm!:
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Solution 4: Cu, 138; Zn, 3,5; Pb, 3.5; an Hg, 0.1.
Soi ution 5: Cd, 2800.
Solution 6: Pb, 4.4; Zn, 227; Ni, 7.9; Cu, 3.6; Mn, 4.8; As, 1.8;

Ca, 65, and K, 55.
Initial pH values of solutions 4-6 were: 9 . 1, 7. 45, and 6.55 respectively� .
Estimated solids contemp t of the three solutions were 2.1, 6.4, and 0.7Ã
respectively.

Solution 7. Chrome waste from chrome dyebath: dye was exhausted
onto wool fabric in the usual way by boiling in a chrome dyebath which
contained excess potassium fichromate as mordant. The exhausted bath
had 260 ppm chromium; it was not analyzed for Fe, Zn, Ni or Cu, nor
were salts of any of those metals added intentiona'Ily . Analysis of
the CHT, after it was used to treat the bath, by x-ray fluorescence
analysis   XFA! showed, however, that thes e meta 1 i ons were present
 see Results!, Possible origins of these ions were the hot tap wate r,
the bath kettle   made from No. 315 stainless steel!, or the dyestuff
used  not a refined grade!.

Tests for metallic-ion bindin

The uptake of nretallic ions by CHT or its crosslinked derivatives
 CHT-GA-0.7, and -1,4! from known salt solutions was done using 2 g sub-
strate in contact with 100 ml of 0.2 M solution for 1 hr with stirri ng
on a magnetic stirrer. The substrates were then separated, rinsed
with water, air-dri ed, and their metal-ion content determined by XFA.
In most tests the filtrates were contacted once more, each with a fresh
2 g batch of substrate for another hour, followed by separation and
analysis of the substrates.

With the nickel waste  SOlution 1!, 500 ml of the waste and 2 g CHT
were used for 1 hr. The CHT matrix was t hen analyzed by XFA and the
treated liquor by AA for nickel.

With the lead-battery wastes  Solutions 2 and 3!, 50 ml of each
solution was contacted for 1 hr with 2 9 CHT, and the liquors and
substrates were analyzed for lead and iron.

With the plating-waste solutions 4-6, batch tests were done with each
solution using 100 ml samples. Each 100 ml sample was contacted success-
ively for 2 hrs with three 2-g batches of CHT; after each contact, the
substrate was separated before the next 2- g batch was contacted with the
filtrate. In the course of the total contact time of 6 hrs, the liquors
were analyzed by AA by withdrawing a small aliquot of 1-3 ml  sampling
at 1, 2, 3, 4, and 6 hrs!. The three lots of CHT obtained with each
waste solution were a'Iso analyzed by XFA after they were separated,
rinsed and air-dried.

With the dyebath Solution 7, tests similar to those with the
plating solutions were done, except that only two 2-g lots of CHT were
used  for 2 hrs each! with the  same! 100 ml.

In a few tests, CHT was packed in columns, and the waste solutions
were passed through  with lead-battery, nickel and copper wastes!,
Typically, 3-10 g CHT was packed in glass tubing of 9-12 mm internal
diameter, and the influent solutions were passed through in the upflow
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direction at a rate 150-450 ml/hr. Effluent fractions from the columns
were monitored by AA. At the end of a run, the CHT in the columns was
washed with a few bed volumes of water and then extruded in sequential
segments for analysis by XFA. Results with these colons will be
mentioned briefly below and will be reported in detail elsewhere.

All analyses for metal-ion content were done by AA with liquids
and by XFA with the solid CHT substrates �, 4!.

RESULTS

Although the reaction of native unsolubilized CHT with GA is by its
nature a non-homogenous two-phase reaction, it is remarkable that the
reaction appears to have proceeded rapidly to completion at ambient
temperature; almost all the GA reagent added with the different prepara-
tions appears to have been used up, as reflected in weight increases in
the products and as corroborated by elemental nitrogen analysis of the
products. The number appearing as a suffix after the CHT-GA symbol
denotes the number of millimoles GA bound/g original CHT as estimated
from the observed weight increases and nitrogen analysis.

Titration of crosslinked chitosan

The CHT-GA products titrated hydrogen ion in amounts less than with
CHT itse'If and depending on the extent of crosslinking. Values are
shown in Table l.

An important difference between CHT and ; ts crosslinked products
iS thtat titi.tiOn Of CHT, with mOSt aCidS SuCh aS hydrOChlariC,
acetic or formic, yields water-soluble salts at 20' C  insoluble
salts with sulfuric and sulfurous acids!, while, in contrast, titration
with any of the acids of the crass!inked CHT-GA products yields
insoluble salts. The crosslinked products are thus useful for
removal of hydrogen ion and  as will be shown! metallic ions from
water media. Although the least amount Of ciosslinking that is
required to give insoluble acid salts has noi. been worked out precisely,
our tests at present indicate that about half as much crosslinking as
in CHT-GA-0.7 would be sufficient  i.e.,~ 0.< mmol GA/g CHT!.

Table 1. Uptake of I-lydrogen Ion by Chitasan  CHT! and CHT that had
been Crossiinke d to Different Extents with Glutaraldehyde  GA!*

CHT
CHT-GA-0.7
CHT-GA-1.4
CHT-GA-2.0
CH'T-GA-2.6

4.1
3. 7
3.5
3.2
3.0

5,7
4,9
4.2
3.8
3.9

4.8 290
4.2 240
3.4 140
3.1 150
3.I 110

In this experiment, 0.1 M H2S04 was used to titeate I0 g of each CHT
product to construct a titration curve.

Reaciit of hit iiil i i ~ld i d

pH at Midpoint
Buffering of Plateau of
Capacity Titration Curve
 H+ uptake,  when half amount

CH'T Product meq/g! of H~ was used

pH zt End af
Buffering
Capacity

 when ~ndicated
amount of

I-I was used!

Weight
Increase

of Titrated
Product  mg/
g original
substrate!
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Metallic ion uptakes by CHT-GA-1. 4, CHT-GA-0. 7, and CHT i tSel f, after
1 hr contact with known salt solutions, are shown in Table 2. For
comparison, uptakes in 24 hr by native CHT  from a previous study [4!,
are also shown.

Table 2. Metallic Ion Uptake by Chitosan  CHT! and Two Preparations of
Crosslinked CHT  CHT-GA-0.7 and CHT-GA-1,4! from Known Salt Solutions

  in meq metallic ion/9 substrate ! a

CHTHT-GA-0.7
contacted
hr each

i quar
Lot 2

1 lot of2 g
for 1 hr U take in:

at
of Uptake

hr � hr!

pH at
end of Uptak

1 hr � hr 1 h 24 hr

0. 46

3.12

d

3.2

3.5

1.7

0. 75

1. 38

0. 78

5.7 0.17

2.12

3.07

2 i 1.79 2.4 3,26
5,84

4.52

1.72 0.93

3 1.30

100 ml of 0,2 M solutions plus 2 g CHT substrate were used except with Au
and Pt salts. With those; 1 g salt plus 600 mg substrate were used  see
note e!. When not given, values were not obtained.

b
The 24 hr uptakes are fram a previous study �!.

Much of CHT became solubilized, and the remainder was soft and gelatinous.

CHT became completely solubi 1 ized.

e
Most of the gold and platinum salts were taken up by the first lots of

substrate, and all the remaining available salts in filtrate were taken up
by the second lots.

gindin of metallic ians~b crosslinked chitosan

9, 3,61

6 1.16

4 1.24

9 , 0.36

1 I 0,26

0.14

0.65

0.64

0.61

0,62

1.48

nil

3.4

6.5

5.0

5.9

6.7

6.4

3. 61

1,38
l. 41

1.04

0,31

0.29

4. 76,

2.20

1.79

2.0

1.0

0.9

1,4

5.60

2.78

3. 97

3.70

2.47

3.15



282

The uptakes were based on the weight of the CHT products after the contacts
and on the metal ion content of the treated products as determined by XFA.
The results show substantial and rapid binding of the salts by the crosslinked
products. The partial crossl inking apparently did not seriously interfere
with accessibility of the potentially available binding sites that were not
utilized  blocked! by the crosslinking, Qf course the abolished or blocked
amino group sites in CHT-GA-1.4 are substantial  potentially as much as 2.8
meq/g CHT!, and a consequent decrease in the uptake profile would be
expected; but, as the measurements show, sufficient binding sites remain
in the crosslinked products for use with most wastes, which usually would
contain the metal ions in the parts-per-million range, In our opinion, the
partial loss of binding capacity is a favorable trade-off for the improved
solubility property  insolubility in acids!. As mentioned earlier, less
crosslinking than in CHT-GA-0.7 may also be sufficient to stabilize the
CHT to yield products with uptake profiles approaching those with the
native CHT. Ho solubilization, gelation or softening of the
CHT-GA products occurred after treataent with any of the salt solutions.
In contrast, solubilization or gelation was observed in tests with CHT
with some of the acidic salt solutions, especially with concentrated
ferric chloride, potassium dichromate, potassium permanganate and
chromium nitrate.

Althouoh CHT-GA, bv overcoming the solubility problem  at some loss
Of binding CapaCityl, iS mOre Suited in Our OpiniOn than CHT itSelf far
treatment of wastes, most of our work with the present wastes had been
done with CHT itself before we prepared the crosslin ked products. Never-
theless, the results with the wastes using CHT, together with the above
res~its with known salt solution using CHT-GA, point to the effectiveness
of the biopolymer and its derivatives for waste treatment.

Results of treatment of waste solutions with chitosan

Hickel waste, Solution 1: treatment of this liquor with CHT �00 ml/
2 g for 1 hr! reduced the nickel-ion content from 7.2 to 1.2 ppm. Removal
of the indicated amount of nickel from this analysis of the liquor  by
AA! was corroborated by direct analysis by XFA of the CHT used, which
increased in weight to 2.064 g and had 1445 ppm Hi.

In a column experiment, 4.9 1 of the waste was also passed through a
bed of 3 g CHT packed to 15 cm in a glass tubing at 150 ml/hr. Analysis
of the col unn effluent indicated no trace of nickel by AA throughout the
run. Analysis of the extruded CHT by XFA indicated removal of 93' of
the total nickel in the feed by the first half, and 99.8$ by the first
two-thirds, of the adsorbent bed.

Lead-battery waste, Solutions 2 and 3: treatment of these wastes
with CHT �0 ml/2 g for 1 hr! reduced the lead concentration in the liquor
to less than 0 05 ppm and the iron concentration to 8.7  Solution 2! and
4.3  Solution 3! ppm. Both solutions had nearly neutral pH after treat-
ment. The relatively high ratio of CHT to liquor we used with these solutions
was to neutralize the high content of sulfuric acid. Heutralization with
alkali was not very satisfactory, as it resulted in a precipitate which
was difficult to filter; the filtrates after neutralization, however,
had less than 0.05 ppm Pb and 0.1 ppm Fe. Thus further treatment of the



283

filtrates was superfluous. The 2 g 'lots of CHT used with Solutions 2
and 3 increased in weight to 2.320 g and 2.310 g respectively; most of
this weight increase very likely was due to the uptake of sulfuric acid.

iNeta1-plating wastes, Solutions 4-6: results with these solutions
are shown in Tables 3-5. Analyses of both the liquors and the CHT
matrices are shown,

Results with the cadmium waste are shown in Table 4, These results
show the following points:

Table 3. Removal of Copper from PIating Waste  Solution 4!
by Chitosan  CHT! in Batch TestS

~Anal sis~of Li r ~bAA
at 0-6 hrs after contact with 3 lots of CHT. The lots were con-

tacted successively for Z hrs. each with the same liquor �00 ml!

After Contact with Initial CHT-]

tl tZ

CHT-2 CHT-3

Time  hrs! t3 t4

9,2 9.2

i 0

pH 9,1 9.1 9.1

Cu, ppm 790 2 30 135 21 17 14

Anal sis of the Contacted 3 Lots of CHT b XFA

CHT-1 CHT-2 CHT-3

384 2 84 180Weight Incr.

mg/lot � g!

Cu, ppm

55766 1018Z 352

�,6%! �,02'! �.035X!

Results in Table 3  copper waste! show a large decrease in copper
concentration in the treated solution even though the solution had a high
alkaline pH from the start. A high percent of copper was found, especially
in the first two lots of CHT �.6 and 1.0"!, after treatment of the
waste, In a column experiment, the CHT bed was alSo very effective in
removing the copper from this waste, and the bound copper was readily de-
sorbed with a solution of awenivn hydroxide-armenium chloride of' pH 10.
Thus the original pH of the liquor  9.1! probably was not optimal for
binding to CHT. �etails of column experiments will be reported elsewhere.!
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Table 4. Removal of Cadmium Ion from admium Plating Waste  Solution 5!
by Chitosan  CHT! in Batch Tests

A~nal aia of Liaa o
at 0-6 hrs after successive contact with three 2 g batches of

contact was for Z hrs with the same liquor �00 ml!
Contact, with CHT lot CHT-1 CHT-2

Time  hr! t0 tl t2 t3 t4
pH 7.45 7.80 7.80 7.95 8.05
Cd, ppm 2800 2500 2400 2200 2200

CHT. Each

CHT-3

8.20

2000

b XFA f contacted CH1 matrices after successive
2-hr contact times with the same li uor

CHT-1

280

23849

�,4X!

~CHT-

286

19149

�.9X!

200

508

  . 05K!

We i ght i ncr.

mg/lot � g!

Cd, ppm

It appears that the only moderate effectiveness of CHT with the waste
in this experi ment was due to the high original concentration of cadmium
 and other materials! in the waste and to the rise in pH to an unfavorable
alkaline level which tends to favor desorption rather than binding of the
cadmi um ion� . The rise in pH waS probably due to binding of cyanide complexes
by the CHT. We did not aci dify the waste because of its content of cyanide;
perhaps retesting this liquor and maintaining the pH near neutral during the
treatment, or after removing the cyanide from the waste, would prove more
effective.

Results with the lead-plating waste  Solution 6! are shown in Table 5.
Analysis of the CHT used in the treatment showed the presence of many metal
ions in addition to lead. This prompted us tc check the liquor for other

a! The initial concentrati on of cadmium in the waste was relatively high at
0.28%; the waste apparently was a concentrate  its dry matter content was 6,4X!.
The treatment with CHT decreased the cadmium concentration Only to 0.2t, hut
that nevertheless represents the substantial removal of 80 mg cadmium ion/100
ml waste. This was corroborated by direct XFA analysis of the CHT.

b! The XFA analyses of the three lots of CHT showed that only the first and
secon d lots were effective in the treatment, both removing about 50 and 40 mg
cadmi um respectively. On the other hand, the th i rd lot removed only 1 mg .

c! All three lots showed la rge weight increases after the treatment
 Z80, 286 and 200 mg!, indicating uptake of some material other than cadmium,
perhaps cyanide .

d! Durinu the run, the pH of the liquor rose froin 7.45 initially to 8,2
at the end � hrs total contact time with the three lots of CHT!; the pH was
already 8.1 when contact with the third lot was started, and this was very
likely not optimal for bi nding .
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ions  see Experimental for analyses of solution!. The 3 lots of CHT effectively
reduced the content of these ions in the treated solution. Comparison of the
metallic-ion profiles of the lots of CHT by XFA suggests that a preferential
order of uptake of the various ions took place, which may have been dependent
on the particular ion species itself, the relative concentrations of the
various ions in the medium which were changing with the successive contacts,
and perhaps on the changing pH during the whole contact period  from pk 6,5
initially to 7.7 at the end!.

Treatment of the exhausted chrome-dye bath  Solution 7! with CHT �00
ml solution, successively with two 2-g lots, for 1 hr with each lot!
decreased the chromium in the liquor from 260 to 29 ppm after the first
hour with the first lot; no further decrease was detected by AA after contact
with the second lot.

Analyses of the two CHT lots bv XFA are shown in Table 6. The high
content of bromine detected  not originally expected! is undoubtedly due
to inclusion of tetrabromophthalic anhydride in the original dye bath,
in connection with another study  with flame retardants for wool!.

Table 5. Removal of Lead Ion from Lead-Plating Waste
 So'1ution 6! by Chitosan  CHT! in Batch Tests

Analysis of Liquor

at 0-6 hrs after successive contact with three 2-g batches
of CHT, each contact for 2 hrs with the same

100 ml liquor

CHT-3

t6
7,7

0.4

Analysis of contacted CHT matrices after
successive 2 hr contact timesa

CHT-1 CHT- 3CHT- 2

220 140176

8280
284
99

151

No Ca, K or Mn was detected by XFA.

Contact with

Time  hr!

pH

Pb, ppm

Weight Incr,
mg/lot � g!

Pb, ppm
Zn, ppm
Ni, ppm
Cu, ppm
As, ppm

None
  Init i a 1 ! CHT-1 CHT-2

0 1 2 3 4
6.55 6.8 7.0 7.4 7.5

4 4 0 5 0 5 0 4 0 4

53
1174

18
12
23

44
123

30
12
10
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Table 6. Analysis by XFA of Two Lots of Chitosan  CHT! � g each!
Contacted Successively with the same �00 ml! of Chroae Dye Bath

 Solution 7!

Ion Concentration, in ppm
First CHT lot Second CHT lot

Ion detected

Cr
Fe
Ni
CU
Zn
Br

7984
219

20
13
73

3691

325
158
25
18
31

309

DISCUSS ION

Our experiments show that CHT and partially crosslinked CHT appear to be
promising substrates for the treatment of ~astes to remove metallic ions for
pollution abatement. Desorption of the ions appears feasible by appropriate
pH adjustment, thereby allowing regeneration of the substrates and conserva-
tion of the industrial metallic ions by their recovery. Elution is effected
with alkaline or acidic buffers; if acid pH is used for elution of the metallic
ionS, a subsequent step Of treatnent with alkali, such as potassium hydroxide,
may be required to regenerate the free base polymers, since elution with acids
results in the uptake of hydrogen ion by the binding amino group sites.

The purpose of crosslinking CHT for this application is to increase its
stability, prevent its degradation upon extended and repeated use, and to impart
insolubility in acids, This insolubi'Iity of the polymer in acids allows for
its use to treat acidic wastes and for elution of bound ions by acidic
buffers preliminary to regeneration of the adsorbent po'lyxmr, The cross-
linking of the native CHT  from the solid state! can be easily done by simple
methods under mild conditions in water and with relatively inexpensive
reagents. This reaction is rapid, even though it is heterogenous in nature.
The native physical structure and ultrastructure of CHT remain essentially
intact in the reaction. The physical structure is desirable for easy filtra-
tion; the native ultrastructure, with its many intricate internal spaces and
surfaces, is conducive for penetration of solutes into the polymer and their
binding  Masri and Jones, these Proceedings!. Initial experixmnts also
indicate that insolubilization of the CHT can be achieved merely by blocking
part of the ami no groups without crossl inking the polysaccharide  e, g., wi th
formaldehyde!. Uptake profiles with such preparations are not completed.

The CHT polymers bind metallic ions and hydrogen ion by competitive
interaction and salt formation with the free amino group sites. We have
detected, by x- ray photoe lectron spectroscopy analysis of treated CHT
substrates, the binding also of the associated anions together with the bound

With the above ~astes, the calculated amounts of ions removed, based on AA
analyses of liquors, are reasonably close to those based on XFA of CHT substrates,
considering that the two independent techniques are basically different and
that the concentrations involved are relatively Iow,
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cations. Binding of the anions from a mixture of salts is likely to be prefer-
ential and competitive and may be independent of which cations are bound,
For example, with potassium dichromate, the chromium, as the dichromate anion,
is bound to the substrate, but the potassium cation is not  hydrogen ion from
water is likely to be bound instead, resulting in a rise in PH>.

This competitive binding of metallic ions and hydrogen ion  and of anions!
results in sensitivity of the binding to the pH of the solution, 1'he optimal
pH for treatment of a waste depends in part on its composition, and it can
be found experimentally  e.g., in batch tests done at various fixed pH's
that are maintained throughout the different tests!.
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THE ROLE OF CHITIN AND OTHER ORGANICS IN THE TRANSPORT
OF METALS TO THE WORLD'S OCEANS

V. Subramanian
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Jawaharlal Nehru University

New Delhi 110357
India

ABSTRACT

Chitin, chi tosan and several hum1c substances have the ability to complex a
number of transition elements in he natural aqueous systems. The total production
of chitin in the sea is enormous, but because of its rapid biodegradabi 1 ity, the
chitin content in marine sediments is very small. Chitosan is also widespread
in nature and has chelating abili .y. Humic and fulvic acids, the main constituents
of natural organic substances, have chelating characteristics that are several
orders of magnitude gr eater than hose of the inorganic 1 i gands,

While chitosan and humic substances form relatively stable organo-metal
complexes, chitin-metal complexes are unstable. This makes chi tin an important
agent for metal transport, while chitosan and humic substances act as sinks for
metals in the natural aqueous systems. For every metal, there is an organism capable
of concentrating it relative to the lithosphere, either through its skeleton-building
activ1ties or through the requirements of its metabolic functions. Those metal
pathways are largely influenced by the nature of the biota and the type of organic
matter cons1tuting the biots,

Most natural organic substances contain al! three varieties: chitin, chitosan
and humic substances. In natural systems, the stability of metals in the water
is probab'ly controlled by the stability of polyligand-metal complexes. Thermo-
dynamicss tell us that metal complexes wi th multiple ligands are more stable than
single- ligand complexes, but very 1 arge complexes are likely to be 1mportant only
in the sediment phases, as organic coatings on clay minerals.

Many of the natural biots such as seaweeds have a complexing ability that
depends on the chemical characteristics  pH, salinity, etc.! of their aqueous
environment because these regulate the metal content of the water,

Considering the volume of the biodegradable chi tins in the skeletons of
arthropods, the amount of metal associated witn them must be enormous. When the
chitin-metal complexes break down, they release a large amount of these metals into
the sea water. The decomposition of these complexes could very well be considered
as one of the sources for localized metalliferous sediments in the marine environ-
ment.

INTRODUCTION

In natural aqueous systems, metals are distributed in a number of available fortts:
dissolved ions, dissolved organir. complexes, collo1ds, metal hydroxide coatings,
organ1c coatings, clay exchange sites and clay lattice sites. Most metals are



289

sensitive to pH and Eh variations in the natural water. However due to the limited
solubility of most metal compounds, metals tend to be found in suspended or
deposited fraction sites. The ability of a number of organic compounds to chelate
metals is very well known �!, but the importance of this ability for natural metal
transport mechanisms is not well understood.

Fresh waters contain dissolved organic materials totaling up to 9 parts per
million  9!; sea water contains much less  about 1 ppm!. While the major organic
compounds in the dissolved state consist principally of carbohydrates, nitro-
genous compounds, such as chi tin, chitosan, protein, amino acids, etc., and li pids
those in the suspended or Sediment fraction COnsist mainly of a group of compounds
collectively known as humic substances. Thorstenson �7! predicts that high
molecular weight, organics are thermodynamically unstable in natural aqueous systems
and that the two most important lighter organics are carbohydrates and alanines,
Even though the chelating properties of humic substances with molecular weights
ranging from 2000 to 3000 are well recognized �0! in the natural environments,
they are likely to be more important as sinks rather than as transport agents,
except in the weathering zones. However, humic metal chelates are very stable
once they are formed; they can be maintained in the dissolvef state, even under an
excess partial pressure of oxygen, as has been shown for Fe organic complexes
�6!. Since humic substances comprise a mixture of the three major natural organics
described above, the role of nitrogen organics, chitin and chitosan, in metal
chelation becomes obvious. Although inorganic ligands such as CO3 , SO , etc.,
will compete with organi cs for compl exing metals in solution �4 !, the structural
complexity of organics in natural waters suggests that polyligand-metal complexes
are very important in the aqueous geochemistry of metals.

PROPERTIES OF CHITIN AND OTHEP. ORGANICS

Figure 1 illustrates the biogeochemical cycle of metals. Individual metals
may have their own subcycles: for example. heavy metals  Pb, Cu, Zn, etC.! may
be cycled through the soil  weathering!~living or ganismswea+sea-bed, while
meta'is such as Na and K may complete the entire cycle. The length of the cycle
of individual elements will be determined by the extent to which that metal has
an affinity to a given sink. Goldberg �! states that organisms and plants
concentrate metals up to 10,000 times the amount found in the hydrosphere or
iithospheres.

Chitin and chi tosan are constituents of the natural dissolved and particulate
organics and part of the supporting tissues of invertebrate animals, of fungi
and of bacteria; they are consequently abundant in the natural environment. Since
arthropods have chitin in their exoskeleton, the amount of chitin produced in the
marine envi ronment is enormous, To maintain the production of C and N in the sea
in balance, the mineralization of chitin is likely to take place rapidly �0!.
On the other hand, chitosan--the deacetylated chitin--forms relatively stable
chelating polymers �1!. Table 1 sunvnarizes the chemistry of a number of natura 1
organics. Table 2 survnarizes the x-ray diffraction data for a number of chitin and
a chi tin-Cu chelates prepared in the laboratory. While Duursma �! speculates that
chitin will not brea k down, at least in surface sea water, Yoshi nari and Sub-
ramanian �9! have clearly shown that metal-chelated chitin is unstable even in
surface waters and is high1y biodegradable.
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ORGANICS IN METAL MOBILIZATION

Baker �! extracted very large amounts of a number of metals from industrial
ore minerals by chelation with soil organic materials. The humates dissolved
individual raetals such as Pb, Zn, Cu, Fe, Ni and Mn up to 1000 times ihe values
dictated by their equilibrium solubility products in water. Similarly, it was
�! observed that seaweeds from the coastal environment concentrated a number
of heavy metals through metabolic activity and regulated the dissolved metal levels
in water as well� . The relative solubi Ii ty products of metal-i norganic 1 igands and
metal-organic ligands �4! suggest that in an actual mixed system, chelation may
not be very important as a direct mechanism in metal mobilization . Hence the metal
uptake by living organisms is likely to be the influencing factor in the metal's
biogeochemistry. Since chitin is one of the important constituents in the chemistry
of animals, mechanisms of metal fixation should be briefly discussed.

Table 1. Chemical Analysis of Chitin and Some Other Natural Organics

'XC t H 'X N X 0 References

42.03 �5!43.11 7.18 7.68Chitin

Organic acids in
fresh water 38,8-47.9 �8!

44.60 �!

3.19-5.1 1.5-4.245.54

Fulvic acid

Organics in Fe-Mn
nodules

4.0 2.948.8

  4!0.66-1 .21 NA NA
Organics in recent

sediments NA   8!

30-35 �2!

3. 52-4. 18

50-60

NA
Soil humic acid 6-9 2-6
Ocean-dissolved

humic acids 0-35   2!50-60 2.8-5.2 5-10

NA: not available

MECHANISMS OF METAL MOBILIZATION BY CHITIN

The formation of a metal-organic complex such as Cu-chitin can proceed along the
following paths, starting with a Cu-mineral:

CuS Cu + 5
++

Cu f e = Cu+

Cu+ +  Chitin! Cu-Chitin

Here, the negative colloids of chitin absorb the cuprous ions from the water and form
a colloidal complex. Since the pH is one of the important factors in the stability
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Table 2. X-ray Diffraction Data

Examined
Naterial

Authors Cell Parameters

19,25 ChitinLotmar and Picken
�950!

10.469,40

Damon and Runall
�950!

19.20 Chitin9.30 10.40

Falk et al. �966! 3.37

Aspinall �970! 4.76

Subramanian et al. �5! 3,36

Subramanian et al. �5! 4,43

4. 57

10.28

4,44

5. 53

Abstracted from Subramanian et al. �5!

of complexes, the decay of carbohydrate  with a resultant pH change! can affect the
colloidal nature of chitin and hence the stability of such complexes. For example.

4. 2CH20 ~ C02 + 4H

5.  Chitin! + 4H ~  H.chi?in!

The reversal of the colloidal charge of chitin wi'll destabilize the Cu-chitin
complex and release the metal ions back to the solution. Hetal ions can also be
released directly into the solution by direct biodegradation of the complex, as
shown in equation 6. Thus, while the complex can form in one region of the ocean,
say the near shore, it can decompose elsewhere in the ocean supplying those
waters with metals. Due to the enormous amount of chitin in animal and fungal
exoskeletons, degrada tion of the metal-chitin complexes wi 1 1 make available a
large quantity of metals in solution for possible inorganic precipitation through
mechanisms such as;

Fe + C02 + NO3 + OH
Fe +e

9. Fe OH
 + OH

6.  Fe chitin!

7. Fe + D2

B. Fe + 20H Fe OH! 2

Fe OH�
Precipitate

6.80 Chitin

18,84 Chitin

8.85 Chitin

8. 79 Cu-Chitin
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It may be noted here that hydrated oxides of Fe corrstitute an important portion
of recent sediments in general and recent metalliferous sediments, in particular.

PlantS and OrganiSmS require miCrO-nutrientS far a Variety Of reaSOnS. Fe iS
required for the synthesis of protoplasm, Zn for the synthesis of growth hormones,
Mn for chlorophyll synthesis, and Cu is used up as an enzyme activator, The main
source of these metals for the biota is water, though some organisms are filter
feeders. Some zoop'ianktons extract nearly 50K of the total Pb supp'lied by rivers
to the world's oceans; in case of other metals, the organic uptake could be
several thousand times that of the water . Not all organisms simply act as ex-
tractors; prawn is known to extract Zn+2 from water  for use in metabolism! and
to release it bach in the water as ANDH or Zn-organic complex �3!. Since
chitin occurs mostly in exoskeletons, the chi tin-metal association in the marine
environment probably follows a similar pathway, that is, the metals extracted by
the organisms are complexed with the chitin or chitosan present in the exo-
skeleton and are released either as colloidal complexes or as dissolved organic
complexes. Both of these eventually biodegr ade to release the complexed metals,
through reactions cited above . Though the actual mechanisms of metal incorpora-
tionn by chitin in an animal� ' s body is not clear, the experimental verification of
the easy biodegradability of chitin-metal complexes would suggest that chitin has
potential industrial applications, including water treatment for toxic elements,
similar to the application of the chelation properties of chitosans reported by
Muzzarelli et al. �1!.
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Figure l. Biogeochemical cycle of elements
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APPLICATIONS OF CHITIN AND CHITOSAN
IN WOUND-HEALING ACCELERATION

L. L. Balassa and J, F, Prudden

Lescarden Ltd.
Goshen, N.Y. 10924

ABSTRACT

Chitin, chi tosan and partially depolymer ized chitin were found to be
higher in wound-healing acceleratory activity than the standard acid-pepsin
digested cartilage preparations  Catri x ! �4, 15,21,28! . The degree of
acceleration of the wound-healing process was determined in animal tests
by measuring the bursting strength of the newly formed tissue of the wound
after seven days by the method of Prudden �1!. In human clinical tests,
the acceleration of healing was confirmed by effecting healing at a normal
rate in both slow-healing and non-healing wounds  ulcers!.

Shrimp chitin and chi tosan showed a wound-healing acti vi ty of +30% by
the Prudden method, while chi tin from lobster and king-crab shells showed
activities of up to t75X.

Regenerated chitin fibers, non-woven mats, sponges and films were pre-
pared by the viscose xanthate process and tested by Prudden's wound-healing
model �1!. All showed acti vi ties of +30' or substantially higher.

Standard silk and catgut sutures coated with regenerated chitin or
chi tosan showed wound-healing activities only slightly lower than the
all-chitin fibers.

Surgical cotton gauze coated with regenerated chitin was substantially
more active than the uncoated control.

INTRODUCTION

Wounds caused by major or minor injuries, by surgery, by burns, and
slow-healing and non-healing wounds such as ulcers represent the most
widespread treatable condition encountered by humans and by animals as
well. Since most wounds, when not infected, heal spontaneously in endo-
crinologically and nutritionally normal animals, it was considered
axiomatic that the rate of healing represents a biologic maxi mum and
therefore could not be accelerated. This conviction was changed only
after overwhelming evidence was presented by several investigators that
cartilage is indeed effective in accelerating the healing of wounds
�,11,14-18,21,22,26-28!.

The acceleration of wound healing with processed cartilage powders
 Catrix! and cartilage extracts  Catrix-S! derived primarily from bovine
tracheal cartilage, but also from cartilage from a variety of other
sources, has been extensively described in the medical literature. This
work was done principally by Prudden and his co-workers �,11,14-18,21,
22,28!, Prudden found that the primary factor in the acceleration of
the wound-healing process can be attributed to the presence of hexosa-
mines and, more specifically, to the presence of N-acetyl-D-glucosamine
 NADG! �0!, Prudden also found that the cartilage effect in wound
healing depended not only on the quantitative presence of NADG, but
even more on the molecular structure of which it is a component, The
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importance of the molecular structure of the active cartilage preparations
was demonstrated when we destroyed most of the wound-healing activity by
hydrolyzing the cartilage substance, either with acids or with alkalis.
It became obvious that NADG is one of the most important factors respon-
sible for the wound-healing activity of the cartilage mucopolysaccharides
and glycoproteins.

The relatively low level of wound-healing acceleratory activity of
monomeric NAOG has been known for some time  9,10,23,24!, It is assumed
that the observed level of activity was due to the high degree of solubil-
ityy of NADG and its consequent rapid excretion through the kidneys. When
administered intravenously, 30f of the NAOG was excreted within the first
hour. The solubility of NADG and its rapid absorption by the tissues when
it was applied topica'lly to the wounds allowed for too short a residence
time in the wounds to enable it to exert a ma!or effect on the healing
process.

Since topical NAOG did have a wound-healing acceleratory effect, albeit
not to a significant degree, it was thought that some polymers of NAOG,
perhaps even chitin, might equal or at least approach the wound-healing
acceleratory capacity of cartilage. But, the generally recognized resis-
tance of chitin to chemical attack, except that of the most drastic nature,
made it appear to be a most unpromising candidate for a wound-healing
accelerator. Yet, in contrast to its chemical inertness, chitin was known
to be readily attacked by chi tinase enzymes, notably by lysozyme, which is
transported to the wound sites by the inflarrnratory cells  polymorphonuclear
leucocytes!. On the premise that the availability of abundant lysozyme at
the wound site   1 9! would gradually break down the chi ti n to the active
NADG dimer and provide for its sustained release, it was decided to explore
the use of chitin and its derivatives in our wound-healing studies . At the
first application of a finely ground  approximately 70 microns! lobster
chitin in a test with 1 2 pairs of rats �2 chitin- treated rats and 1 2 un-
treated!, it was found that chitin gave results not only greatly superior
to the untreated controls, but also significantly superior to rats treated
with processed cartilage  Catrix!. Further investigation demonstrated
that the wound tissues were indeed able to utilize the chitin due to the
presence of lysozyme, which does depolymerj ze the chitin to its oligomers
and eventually to the dirrmr. This is then responsible for the wound-healing
activity observed. Because lysozyme acts slowly on the chitin particles,
chitin becomes a continuous source of NAOG dimers and other soluble oli-
gomers as long as the wound contains inflarmrratory cells releasing lysozyme
from their lysosomal sacs. The inflarmnatory reaction, arrd therefore the
release of lysozyme, continues until the wound is finally healed.

MATERIALS AND METHODS

~Chitin nndn n

The chitin powders were prepared from the starting materials  e,g,, the
carapace of the crustaceans or fungal mycelia! by alternate treatment with
dilute NaDH and dilute HC1, followed by washing with de-ionized water until
the effluent was free of chlorine, The chitin component of the shells,
which were still colored after the above treatment, was extracted with
acetone, thereby removing most of the remaining co'lor. We avoided bleaching
the chitin in order not to degrade the chitin polymer any more than was
made necessary by the purification process. The dry chitin materials were
powdered by ball milling in a porcelain,jar mill with ceramic balls. Harmner
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milling was not used, because it was found that fn some cases abrasion of
the metal haraners caused sufficient contamination by the alloy components
to give erratic results in a number of wound-healing tests. The ground
chitin was screened to a particle size of 70 microns with an average of
40 microns,

The fungal chitin required no milling, as it had a sufficiently smaIl
particle size for use in topical applications.

The Chitin and Ch i tosan obtained from outside sources, as indicated in
Table I, were washed with de-ionized water unti'1 all water-soluble resi-
dues were removed,

Re enerated chitin materials

The Southern Research Institute of Birmingham, Alabama, was retained by
us to prepare various regenerated chitin materials vfa the chitin viscose
process of Thor �9,30!, but modf fied to suit the materials available and
the equipment on hand.

A . Preparation of xanthate dope

50 g of chitin is s teeped fn one liter of 50K NaOH solution under
vacuum for 2+1/2 hours at 30'C. The excess NaOH solution is removed by
vacuum filtration for 30 minutes. The alkali-chitin cake is then placed
in a polyethylene bag and pressed on a hydraulic press at approximately
34 atmospheres �00 psi! until the weight of the cake is red~cad to 2.3
times the original weight of the chitin, The pressed cake   1 16 g! is
shredded for about 3 minutes fn a Waring blender. Crushed ice �544 g!
stripped of free water fs then added to a beaker inrnersed in an ice/salt
bath at 0 C., followed by the shredded alkali-chitin and 11.6 g carbon
disulfide, and then rapidly mixed by hand with a Teflon spatula. The mix-
ture is hand stirred intermittently at about 30-minute intervals for 3
hours at O'C. The beaker is covered with a poIyethylene bag between mixing
periods. The partially reacted mixture is transferred to a glass con-
tainer, sea'Ied and stored for 18 hours at O'C.

After storage, the chitin viscose fs filtered at room temperature under
approximately 3.4 atmospheres �0 psi! nitrogen pressure, three times
through a Ffl ter pack of a single filter cloth  Chfcopee 6970950! backed
with two 40-mesh stainless-steel screens. This is followed by filtration
of approxi mately 34 atmospheres �00 psf! nitrogen pressure through a fil-
ter pack of two layers of filter cloth  Chicopee 6721900 and 6936100!
backed wi th two 40-mesh stainless-steel screens, The filtered solution fs
stored fn sealed containers at O'C., and it fs then ready for use. Chitin
viscose prepared by this procedure contains about 7% alkali-chitin and has
a Brookfield viscosity of between 16,000 and 30,000 cps a't O'C � depending
on the chitfn source and the care in preparation. The material degrades
on storage.

B. Chftfn fibers

The chitin viscose dope was forced through rayon-type spinnerets into a
coagulating bath of a solution of 8'% sulfuric aci d, 25% sodium sulfate and
3X zinc sulfate in water at about 40 C. The yarns were collected as skeins.

The fibers prepared by this process were relatively weak, between 1.0 and
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0.6 g/d tenacity; with sufficient expenditure of time and effort, however,
fibers equal in strength to high tenacity rayons can be developed. The
fibers prepared by the above process were utilized in the tests shown on
Table 2.

C. Chitin nonwoven fabrics

Nonwoven fabrics were made by the wet-laid process . A number of non-
woven mats were prepared and tested. The ma ts that appeared to be the most
suitable for surgical use in covering large areas of wound surface were pre-
pared with fibers of 0.15 am in diameter and were cut by hand into lengths
of about 30 szn. The fibers were dispersed in water containing Triton X-100,
a wetting agent, using mixing equipment that would not cut the fibers. The
fiber suspension was poured into a TAPPI standard handsheet amid, where the
mat was formed on a paper screen and sandwiched between wet sheets of fil-
ter paper. The sandwiches were sealed in polyethylene bags. The wet mats
are pl1able and are well suited for direct application to wounds.

D. Chitin sponges

Chitin sponges were prepared by the procedure conznonly used to make
cellulose sponges. Chitin viscose was placed in a beaker to form a layer
about 3 cm thick. Sod1um sulfate crystals were stirred into the viscose,
and a 5% sulfur1c acid solution was poured in to the beaker to regenerate
the chitin . The chitin mass containing the sodium sulfate was washed with
de-ionized water unti 1 the effluent showed no trace of sulfate i ons.

The mo1st chitin sponges are soft, pliable and suitable for use on or
in wounds. The sponges were stored in polyethylene bags.

E. Chitin films

Chitin films ranging in thickness from 1 to 3 mm were prepared by
casting films of chitin viscose onto glass plates with a doctor blade, re-
generating the chitin by iszaersing the coated plates in an acidified
sodium sulfate bath, removing the chitin films from the plates and
air-drying the films in a tenter frame.

F. Chitin-coated catgut sutures

The sutures �00 Ethicon, Johnson 6 Johnson! were pretreated by inwner-
sing them in a 10% solution of hydrochloric acid for 1 min, and then
washing them with de-ionized water . The pretreated sutures were coated by
placing them in a hypodermic syringe fitted w1th a No, 18 needle, with one
end of the suture threaded through the needle, Chitin viscose was poured
into the syringe, and the plunger of the syringe was then inserted. The
suture was pulled slowly through the needle while the plunger was pressed
downward to extrude the viscose with the suture. The suture coated with
the viscose was placed in an acidified sodium-sulfate bath to regenerate
the chiti n, The chitin-coated sutures were washed with de- i oni zed water
and stored in isopropanol.

WOUND-HEALING STUDIES IN HUI4ANS

To ical a licati on of chitin owder Lescarden's Pol - NAG

6efOre cOmmenCing wi th teStS On humanS, the Chitin paWder tO be uSed in
the following human studies was subjected to a complete series of
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toxicological and pharmacological tests that showed it to be safe for its
fntended use.

Case f217-85-79, F.F., female, age 55; s'low healing surgical incision
on lef't ankle followfng greater and lesser saphenous phlebectomies for
stasis varicosities of the left leg on 5/14/73. Poly-NAG powder applied
topically to the incision on 6/6/73 and continued on a daily basis until
6/23/73. when the incision was completely healed. Healing in 17 days
�4!.

Case fr224-32-41, S.G,, male, age 29; perineal wound following total
colectomy with end i leostomy and abdomino-perineal resection on 9/28/73,
carried out because of chronic ulcerative coif tfs with vesico-sigmoid
fistula and chronic perineal fi s tulization . Poly- NAG powder instilled
into the perineal wound on ll/1/73 on a daily basis; continued the treat-
ment to ll/20/73, at which time the wound was healed. Hea lfng in 20 days.

Case fr221-54-44, M.L., male, age 57; draining sinus tract following
partfal gastrectomy with bi lateral vagectomy and Bi 1 lroth 1'1 anastomosi s
for bleeding ulcer, Operation on 4/25/73. No spontaneous healing com-
menced by 5/17/73 . Treatment with Poly-NAG powder was begun by instill-
ing ft into the sinus tract and continuing it on a daily basis until
5/21/73. when the tract was completely healed. Healing in 4 days.

Case fr200-01-21, T.M� fernale, age '17; non-healing wound following
excision of a keratosis from the left temple in May 1973. When seen on
9/27/73, the affected area showed a non-healing "proud flesh" area of
1.5 x 0.5 cm covered by a dirty scab. The scab was removed, the area
cleansed, and Poly-NAG powder applied generously with a powder insufflator.
The patient was instructed to carry out this procedure twice each day, and
when she was seen again on 10/5/73 the wound had healed over by approxi-
mately 50X. The daily treatment was continued and by 10/19/73 the wound
had completely healed. Healfng fn 14 days,

Case lr200-05-25, M.S ., female, age 20; post-total colectomy non-healing
ulcers: umbilicus, left labia, and perineal defect wf th probable sinus
tract at the fourchette. Poly-NAG powder was applied to the ulcers on
6/28/73 and the treatment continued on a daily basis. By 7/13/73 there
was a remarkable contractfon of all wounds, and when last seen on 9/27/73
further excellent progress was noted. The wounds had contracted by about
70% in all areas. The patient has not been seen since 9/27/73, but it is
assumed that her progress cont:fnued at the same rate, with complete healing
probably within the next month .

Case fr200-15-25, J .S ., female, age 53; non-healing wound of the left leg
secondary to trauma, patient was seen fn September 1973. The wound re-
quired sfx stitches which were removed two weeks later. When seen on
11/21/73, the wound was still open and was indurated and blue, Poly-NAG
powder was applied and covered wi th Adaptic, a dry sterile dressing, and
an Ace Bandage . On 1 1/26/73 the wound appeared healthy with the healing
process cornrrencfng. Poly-NAG was reapplied, On ll/29/73 there was further
progress noted with only a small ulceration remaining. Poly-NAG was re-
applied. On 12/5/73 the wound had essentially healed. Poly-NAG was again
applied, On 12/10/73 the wound had completely healed. Healing fn 19 days.

Case rrr213-07-50, S .W., female, age 47; necrotic area on the side of a
left below-knee amputation stump. Treatment with Poly-NAG powder began on
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6/15/73 and continued on a daily basis. By 6/27/73 the wound had essen-
tially healed, and, when last seen on 7/16/73, it was noted to be com-
pletely healed. Healing in less than 2 months .

DISCUSSION

Table 1 demonstrates that applied topically in animal wounds, chitin
and chi tosan are, in general, at least as effective in accelerating the
healing process as is bovine cartilage  Lescarden 's Catrix!. Chitin from
king crab, and lobster and fungal chitins from Penicillium notation and
~ah coe eaten e co gave cignificantiy g eater nant-heaii g acceleration
than cartilage, as indicated by the relative bursting strength of the
wounds when tested by Prudden's method �1!.

The wound-healing acceleration obtained wi th chi tosan from various
sources was in the same range as with cartilage, with one exception--that
of lobster chitin--whi ch gave twice the bursti ng strength of cartilage .

Regenerated chitin materials gave wound-healing results by the Prudden
method �1 ! in the same range as cartilage . A notable exception was the
nonwoven mat imbedded in the wound, which gave four times the bursting
strength of cartilage. This increase in strength is at least partly at-
tributed to the mechanical support that the fabric gave to the wounds. It
is to be noted that the coated catgut sutures gave sa ti sfactory accelera-
tion to the healing, although the thin film of chi ti n coating represents a
much smaller quantity of material than applied in the wounds in all other
tests.

Human tests confirm the wound-hea'ling acceleratory effect of chitin.

CONCLUSIONS

Chitin and chitosan are effective wound-healing accelerators �-7! in
both animal and human tests. The source of chitin and chitosan has an
important bearing on its wound-healing efficacy, indicating significant
differences in the structure of the chitin polymer.

Surgical adjuncts of regenerated chitin are physiologically compatible,
bio-absorbable and effective wound-healing accelerators �!.

Chitin, chitosan, ol I gomers, or lower polymers of N-acetyl-glucosamine,
probably both the 0 and the L form, should find important app'iications in
medicine and surgery wherever healing of wounds is a problem. The physio-
logical compatibility of chitin with living tissues, combined with its
ability to form readily sulfate esters which are non-thrombogenic �6!,
appears to make chitin a most promising candidate for prosthetic structur-
al devices of any desired shape or size. These could serve as replace-
ments for bone or cartilage, for arteries and veins, for musculo-fascial
replacements in large hernias and for many other uses. We feel that
chitin, chitosan and their deri vatives are opening a fertile field for
development in some of the most important branches of medicine and surgery.
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USE OF CROSSLINKED CHITOSAN IN THE FINISHING TREATMENT
OF WOOL FABRIC FDR LAUNDERING-SHRINKAGE CONTROL

M . S . Masr i, V . G, Randal 1 and A . G . Pi ttman

Western Regional Research Laboratory
Agricultural Research Service, USDA

Berkeley, California 94710

ABSTRACT

Inter facial deposition of cross linked chi tosan on woven wool fabric is
shown to impart laundering-shrinkage control. Additives such as flame re-
tardants could also be included in the crosslinking procedure. The cross-
linking of chitosan was accomplished in both a two-s tep and a one-step
method. In the two-step method, the chitosan was solubflfzed in di'lute
aci ds and used to impregnate the fabric . After the fabric was dried, it
was treated with a reagent to crossl1nk the deposited chitosan. The
crosslfnker could be a difunctional or polyfunctf ona 1 reagent reactive
with chitosan, especially through its abundant amino groups, such as gly-
oxal, glutaraldehyde, solubilized dialdehyde starch, or dihydroxydimethylol
ethylene urea. In the one-step method, the solubilfzed chitosan and the
suitably blocked crosslf nking agent were mixed together and applied to the
wool fabric, The crosslinking was then effected by unblocking the cross-
linker either through cur1ng with heat or by pH adjustment. The fabric so
treated had improved resistance to shrinkage,

INTRODUCTION

Interfacial deposition of po'Iyrners on wool fabric 1s an accepted method
of imparting laundering-shrinkage resistance. Examples are the deposition
of polyami de or polyurea resi ns by reaction of di acid chlorides or
diisocynates w1th diam1nes �-4, 9-12!. In these reacti ons, the wool acts
as the physical support on which polymerization occurs, although active
participation of the wool   through reaction of lysi ne residues wfth the
diacfd chlorides or dfisocynates! may occur with consequent grafting of the
polymers �0!. In any case, the deposited resin stabilfzes the fabric
against shr1nkage.

Treatment w1th chftosan  CHT! was also reported to result in shrinkage
resis tance �!; however, the effect with wool does not endure repeated
laundering by machine, as the CHT is apparently not firmly enough anchored
to the wool, At best, only ionic interaction of wool and CHT can be
visualized  between amino groups of CHl and carboxyl groups of aspartyl and
glutamyl resfdues, for example!.

In our work on immobilizing enzymes, we achieved insolubilfzation of the
enzymes by entrapment and by f1xing them in polymer geTs based on crosslink-
i ng dissolved chitosan  Masri and Randal 1, these Proceedings� !. This poly-
merizationon of CHT solutions to give insoluble polymers suggested the poten-
tial applfcati on of this method as a fi nfshi ng treatment to produce a
shrinkage-resistant fabric. With this system, the potential of grafting
and covalent attachment of the deposited CHT polymer to the wool would de-
pend on the choice of a cross11nker that might react not only w1th CHT
alone but also with functional groups on the wool  e.g,, lysine, arginfne,
hfstid1ne or serine residues!. The covalent coup'ling of CHT to wool could
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occur if the crosslinker made a two-point attachment--one to the amino
group of CHT and the other to the wool--through reaction with c-amino
groups of lysine or hydroxyl of serine, for example.

To test whether CHT polymers would be suitable for use in obtaining
shrinkage resistance, we initially carried out the deposition-polymeriza-
tion in two steps: the CHT and the crosslinker were each applied sepa-
rately, with drying of the fabric between applications, This two-step
application was done because mixing the CHT with the crosslinkers usually
resulted in rapid polymerization to a gel that was too thick to apply to
the fabri c. In later experiments, application of the polymerization
mixture in a single step was achieved by chemically blocking the cross-
11nker before its addition to the CHT solution, thus holding the polymeri-
zationn until after the application on the fabric. The polymerization was
then started by curing the fabric at a suitable temperature, The single-
step method, aside from being simpler and more practical, also resulted
in more even treatment and allowed for inclusion of additives such as a
flame retardant to the polymerization mixture. The glutaraldehyde  GA!
and glyoxa'1  GX! crosslinking reagents were blocked by capping w1th
bisulfite, Polymerization of CHT with dihydroxydimethylol ethylene urea
 DHDMEU! was sufficiently slow at 20'C so that a one-step application
from a mixture of CHT and DHDMEU was feasible; after application, poly-
merizationn was done by curing at 150'C.

Results with both the two-step and the single-step methods show that
deposited CHT polymers improve shri nkage resis tance .

EXPERIMENTAL

Materials

Chi tosan  Food Chemi ca I Company, Seattle, Washington! was ground to
pass through a 1 mm screen and then solubilized in dilute hydrochloric
or acetic acid using 4 rmxol/g CHT to give I-3X solutions.

Bisulfi te-capped GA and GX were prepared according to a described
method  8! starting with aqueous 30K GX or 25K GA solutions. 01hydroxy-
dimethylol ethylene urea as a 40$ aqueous solution was obtained as
Permafresh 183 from Sun Chemical Company.

The fabric used  from J. P. Stevens Company! was undyed plain-weave
wool . 6-1/2 oz . /sq . yd � with 3'1 ends/inch  warp! and 27 picks/inch
 fi 1 1 !, constructed w1 th 2,8 woolen run yarn. The fabric was washed with
trichloroethylene and air dried before use. Circles of fabric 3-1/2
inches in diameter  cut from the fabric with a special die! were made for
shrinkage tests using the accelerotor; swatches 6 inches by I'1 inches
were used for the machine-wash tests  see below!. Flame-retardant
tetrabromophthalic anhydr1de  TBPA! was used in some of the treatment
tests.

Test methods

Area shrinkage of treated wool fabr1c was measured either  a! in the
accelerotor after a 2-minute wash �! or  b! after a standard 15-minute
wash in a home-model washing machine followed by a 30-minute tumble dry
�!. Circles of fabric, 3-1/2 inches in diameter, were used in the
accelerotor test,; the circles were preconditioned 1n lX sodium acetate.
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Other conditions were 1780 rpm fixed speed rotor, a 2-minute wash, 200 ml
1X sodium oleate and 38-40'C. The washing machine 15-minute wash was at
40'C with a 4-lb load  ballast! and 60 g of a low-suds detergent; the
30-minute tumble dry was at a medium temperature setting.

Experience had suggested that an area shrinkage of 10K or less fn the
accelerotor test would represent a satisfactory and adequate degree of
shrinkage resis tance �!. Flarnrrabi li ty tests were done on a 10-inch by
3-inch cloth suspended vertfcally according to a modified ASTM procedure
01230.

Treatment of fabric ol erization rocedur+e

Experiment 1: Twa-Step Application. In this exploratory experiment
 Table 1!, pre-cut fabric circles, 3-1/2 inches in diameter �.1 g!, were
used for treatment. The CHT HCl was applied and dried on the fabric in an
oven at 70'C; then the GA was applied and dried, This order af applica-
tion was also reversed. The dried treated fabrics were then ri nsed by
hand under warm tap water and afr dried before the accelerator shrinkage
test. Wf th some circles, TBPA was also applied before either the CHT ar
GA, or after one of these reagents had been applied . The CHT.HC1 and GA
 aqueous ! solutions contained 14 isopropanol to wet the wool. The TBPA
was dissolved in dfmethylformamide  OMF!. The reagents were applied in
a volume just sufffcient to wet the circles . Rough estimates of the
amounts of reagents applied per circle were: 50-100 mg CHT, 100-200 mg
GA and 50-100 mg TBPA. The TBPA was included in this experiment to
check whether it would interfere with the polymerization.

Experiment 2: Two-Step Appli catfon. Here swatches of fabri c were
treated in two steps as fn Experiment 1, except that bf sulfite-capped
GX or' GA was used instead af the unblocked aldehydes  Table 2!. The
method of applfcation was also di fferent: the CHT HCl solution �' in
water containing lX isopropanol! was always padded on the fabric first.
Excess solution was removed by passing the cloth between two squeeze rolls
�0 lb pressure!; the cloth was then dried before the next reagent  capped
GX or capped GA! was applied. The capped aldehydes were padded on the
fabric from By solutions, and excess liquid removed by the squeeze rolls.
After a partial drying for 10-15 minutes at 70'C, the fabrics were then
cured at 150'C for 10-15 minutes. The wet weight pickup with the differ-
ent solutions varied in this experiment between 80 and 120% of the weight
of the wool A main purpose of this experiment was ta check whether
curing the treated fabric at 150'C would unblock the capped aldehydes to
polymerize the CHT. One test was included in this experiment in which the
CHT'HC1 was padded on the fabric and the excess solution was removed with
the squeeze rolls. Then the fabric, while still wet, was exposed to
arrInonia vapor to precipitate the free base CHT on it. The fabric was then
dried in the oven.

Experiment 3: Single-Step Application. In this experiment  Table 3!,
the CHT plus the bisulffte-capped GX or GA was applied in a single step as
a mixture. The solutions were padded on, and excess liquid removed by the
squeeze rolls, The fabri c was then dri ed and cured as in Experiment 2,
hand-rinsed under tap water, and air dried before testing for shrinkage in
the washing rnachine or accelerotor. Circles of 3-1/2 inch diameter were
cut from the treated fabrfc for the accelerotor test. Weight add-on, when
measured, was based an the weight increase of the treated fabric determined
after the hand rinse and air dr'ying, but before the machine wash,
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In Experiment 3, each of the following 9 solutions in water was used
 separately! to treat fabrics; all solutions contained 0,1% Igepal 610
and I'S Isopropanol to help wet the wool: �! 2S bisulfite-capped GA
 C. GA!; �! as Solutfon 1, but also containing 35 TBPA; �! 3% CHT HOAc
plus 2s C. GA; �! same as Solution 3, plus 3% TBPA; �! 3X CHT HCl plus
2X C. GA; �! Same aS SOlutiOn 5, pluS 3S TBPA; �! 6X DHDMEU plus 0.5X
ZnC12;  8! 3% CHT-HOAc plus 3% DHCNEU plus 0.5t ZnC12; and  9! same as
Solution 8, plus 3X TBPA. The wet wei ght pi ckup with solutions contain-
ing CHT varied between 78-146% of the weight of the wool and with those
not containing CHT between 53-79K. The higher wet pickup with solutions
containing CHT is very 1 i kely due to its high viscosity,

RESULTS

Results of shrfnkage tests wi th treatments of Experiments 1-3 are
shown fn Tables 1-3, respectively. The following points can be made:

1. Deposition on the fabrfc of free-base CHT from fts hydrochloric
acid sa'lt by neutralization with armenia, without crossli nkfng the CHT,
resulted in shrinkage resistance  Tables 1-2! in the s tandard machi ne
wash or the accelerotor. The effect was not stab'le to a second 2-mi nute
accelerator wash  Experiment 1, Table 1!.

2. When the CHT was crosslf nked wi th GA fn Experiment 1  wi th the
2-step deposition method !, the obtained shrinkage resistance endured a
second 2-minute accelerotor wash  Table 1!. It appears from this experi-
ment that the shrinkage effect was better when the CHT was applied to the
fabric first. This order of applicatfon also resulted in much less  but
still unacceptable! discoloration of the i'abrfc; discoloration was severe
when GA was applied first.

3. The two-step method in Experiment 2, using the bisulffte-capped
dialdehydes  wfth curing at 150'C!, instead of the unblocked reagent, to
polymerfze the CHT. also resulted fn shrinkage resistance  Table 2! with
only slight discoloration  off-white, yellowish cast!. The CHT HC1 was
applied before the capped GA or GX with all fabrics in this experiment.
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Table 1. Experiment 1: Shrinkage of Wool-Fabric Circles
wi th a Chi tosan-Glutaral dehyde  CHT-GA! Polymer
Deposited in a Two-Step Application

Treatment No. of Approx. X Area Shrinkage after Accelerotor
 reagents in Fabric Add-Dn Wash

order applied! Circles st -m n was n -min was

46

42

41

44

None: control

GA only

7 only

CHT HCL only

CHT.HCl + NH3
CHT HC1 + GA

GA + CHT HC1

CHT ~ HC1 + T + GA

GA + T + CHT HC1

T + CHT-HCl + GA

3112

2

24

14

17 0

31

1415 12

Hyphen = not obtained,
b
Tetrabromophtha lie anhydride.

CHT HCl was dried on fabric, then fabric was hand rinsed with water
and air dried before the accelerator wash test.

4. When capped GA was used with CHT  hydrochloric or acetic salts! in
the single-step application method  with curing at 150'C!, shrinkage re-
sistance was obtained with very slight or no discoloration  Tab'ie 3!.

5, Similarly, a one-step application of a mixture of CHT HOAc plus
DHDMEU, with ZnCQ as catalyst and with curing at 150'C also gave shrink-
age resistance  Table 3!. The fabric was essential ly not discolored and
had good handle  feel to the touch! and mechanical properties, Although
shrinkage resistance was not complete with this single-step method, we
have not worked out optimal treatment conditions  e.g., ratio of CHT to
cross1inker, level of add-on, curing time and temperature, pH of po'iymer-
ization mixture, or pH adjustment during curing!.

6. Inclusion of TBPA in the polymerization mixture did not appear to
interfere with po1ymerization of CHT or the shrinkage-resistance effect.
Fabrics whose treatment included TGPA in Experiments 2 and 3 were tested
for fianmmbility after the standard machine wash. The flatwMbility tests
indicated marginal improvement  the results are not shown!, but other
work from our 'laboratory indicates that a higher level of treatment
 above SX add-on to the weight of the wool! is required for improvement
regarded as adequate.
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Table 2. Experiment 2; Shrinkage of Wool Fabric with
Crosslinked Chitosan  CHT! Deposited in a
2-Step Application of, First, Sol ub i I i zed
CIIT, Then Bisulfite Capped Glutaraldehyde
 GA! or G'Iyoxal  GX!, with curing at 150'C

Shrinkage  percent!
Machine-Wash Tumble- Accelerotor

Wash
F11 A ea ~*

Treatment
 reagents in

order applied!

None: control a

CHT-HCI + NH3
CHT HCI + GX

CHT.HCI + TBPA + GX

CHT HCl + GX with suspended TBPA

CHT-HCI + GA

icI.8 5. 5 20

2 2 4

2.5 3 5

0 I I

0 0 0

0 0 0

49

16

20

1

Average of 3 treated fabrics; see also accelerotor wash data Table I,
b
Average of 4 treated fabrics.

Not done.

D[SCIISSION

Deposition of CHT polymers on wool fabric appears to be a potentially
practical basis for stabilizing the fabric against laundering shrinkage.
A one-step applicatfon method is possible, using a mixture of dissolved
CHT plus a blocked crosslinker  e.g., bisulfite capped df- or polya'Idehydes
or di- or polyfsocynates!, or a slow reactfng unblocked crosslinker
 e.g., DHDMEU!. After application of the mixture, po'Iymerization on the
wool can be started or enhanced by curing at elevated temperature or by pH
adjustment, Optimal treatment conditions with CHT polymers need to be
worked out. These include the choice Of crosslfnker, proportions of CHT
and cross'linker, pH of the mfxture that would be suitable to prevent poly-
merization before applfcatfon to the fabric, but would be compatible for
polymerization during curi ng, optimal curing time, temperature and pH
levels that wi 11 not yellow or mechanical'Iy damage the fabric, and adequate
level of treatment  percent of add-on!. With the CHT sample that we used,
a 2-3X solution is also relatively viscous. It would be desirable to use
lower viscosity CHT fractions  lower molecular weight polymer! to facili-
tate application and to allow a hi gher level of add-on, if desired .
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Table 3: Experiment 3: Laundering Shrinkage of Wool
Fabr ic Treated to Deposit Polymer in One-Step
Application of a Mixture of Chitosan  CHT!
and Bisulfite Capped Glutaraldehyde  C, GA!,
or a Mixture of CHT and Oihydroxymethylol
Ethylene Urea  DHDMEU!, with or without
Tetrabromophthalic Anhydride  T!

Shrinka e ercent
Machine-Wash Accel erotor

No. of Approx. Tumble-Dry Wash
t e ted add- s at h s ~circles
Fabrics  I! arp i rea Area

Experi-
ment 3 ' Treatment
Soluti ons  mixture !

None: control a

C. GA only
C. GA+ T

14.8 5. 5 20
2 7.3 5.5 12
5 7,7 5.5 13

2,6 1.5 4
7 2.7 2 5
4 1.8 1.5 3
9 0 3 0 4 1
7 1.8 1.5 3

49
46
46

CHT'HQAc + C. GA
CHT HOAc + C. GA + T
CHT HCl + C. GA
CHT HCl + C. GA
CHT HCl + C. GA + T

21
26
36
14
32

2 6.6 5.8 12
75 08 07 2
9 0 025 0

46
7

3 7

DHOMEU only
CHT HDAc + DHOMEU
CHT HOAc + DHDMEU + T

Data from Table 2.
bNot measured.

The shrinkage resistance effect of the deposited CHT polymers was not un-
expected; it has analogies with other treatment methods now in use. For
example, deposition of polyurea or polyamide polymers by reaction of
diisocyna tes or diacid chlorides with diamines is in principle similar to
our present method, in which the polyamine polymer CHT replaces the diamine
monomer in the crossli nking reaction and the di functional crossli nkers GA,
GX or DHDMEU replace the difunctional diisocynates or diacid chlorides. In
exploratory tes ts, we in fact obtained polymers by reaction of CHT with an
aliphatic diisocynate  ODI, di mer acid diisocynate, General Mills! or with
a polyurea prepolymer with pendent isocynate groups  Synthaprett LKF, 6ayer!,
but the reactions were slow,

In the treatment with CHT polymers, the reagents used to cvoss li nk the
CHT very likely also react to some extent with the wool itself, through its
many kinds of functional groups, thereby covalently anchoring  graftrng! the

Inclusion of certain additives  depending on their nature! to the polymer-
ization mixture for other desired properties  e.g., improved flarmnability
and insect resistance! may be compatible in the single-step treatment, with-
out interfer ing with the polymerization of shrinkage-control efficacy of the
deposited CHT polymers.
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CHT polymers to the keratin. For example, the reaction of aldehydes with
proteins  lysine and arginfne residues! is known; reactfon of DHDMEU with
proteins was reported �!. In our experiments, treatment of wool with GA
alone resulted in an intense yellow-brown co'ioration and a weight increase
 Table 1!; cross11nking of wool by dialdehyde starch also was reflected in
a brownish coloration, weight fncrease, and fn amino acid analysis �!.
When fabrics were treated with GA before application of the CHT in the
2-s tep method, discoloration was also more severe and the shrinkage protec-
tion poorer than with treatments in wh1ch the CHT was applfed before the
GA . Apparently, the effectiveness of GA to crossl ink   the CHT! is partly
dim1nished by reaction with wool, whose reactfve sites for graft1ng are
thus also partly abolished �f the GA reacts with the protein by a 2-paint
crosslinking reaction!. The application of CHT as the first reagent in the
treatment appears to have a spar1ng effect an the lysyl and other reactive
residues of wool, the CHT providing a high concentration of amino groups
for reaction with GA. As regards the react1on of CHT with wool, very likely
only adsorptive foni c interaction can occur  only lK add-on with CHT, Table
1!, Tetrabromophthal1c anyhdrfde appears to enter reactions with both CHT
and wool. For example, when wool was heated with TBPA in DMF at 70-80 C in
the oven for about an hour and then thoroughly washed with DMF, water and
methanol, a dis ti nct weight increase of the wool occurred  Table 1! . Simi-
larly, when a clear-solution mixture of solubilized CHT and dissolved TBPA
fn a water-DMF solvent mixture was heated on the steam bath, a gel polymer
farmed. Clearly the choice of additives, the concentrations at which they
are employed, and the manner of thefr inclusion may have bearing on the
polymerization of' CHT and the shrinkage-control effect. The covalent par-
ticipationn of the additives in the polymerization reaction would head to
washfastness frora the fabric.
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STUDIES ON THE PREPARATION OF CHITIN FIBERS
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ABSTRACT

Chitin was sol ubi li zed in different solvents by a freezing orocedure and
dispersed in 99$ formic aci i after freezing the mixl.ure repeatedly. A
clear solution of chitin viscose was also obtained by applying the
freezing method to a'lkali chitin and carbon disulfide. Chitin was
found to be soluble in dichloroacetic acid or methanesulfonic acid at room
temperature, though the molecular weight of chitin tended to be reduced
rapidly in dichloroacetic acid. Chitin Fiber was obtained from a solution
of chitin-formic acid containing BX dichloroacetic acid or chitin viscose,
but it had the fatal defect of poor loop tenacity. Chitin film was difficult
to prepare from chitin viscose, but it was possible to prepare it from formic
acid solution, Chitin viscose and cellulose viscose were blendable in any
ratio. Cellulose fiber containing 3% chitin had a ramie- like feeling and
a high dyeability; the properties of viscose-rayon fiber were also improved.

So many studies have been made on acetyl cellulose that it is now
as well known as acetate fiber. But few studies have been made of acetyl
chitin, so the preparation of acetyl chi ti n was studied in order to examine
the properties of acetyl chitin fiber and film. Chitin was acetylated by
nearly 30K after treats»nt of alkaline chitin with acetic anhydride at, O' C
overnight. The acetyl chitin acetylat ed in various components was derived
through the treatment of chitin in a mixture of acetic anhydride and
methanesulfonic acid at O' C overnight, The fiber and film of acetyl chitin
obtained from the ggf, formic aci d solution were found to be more flexible
with the increment of acetylation than are those of chitin.

Diacetyl chitin was preoared by the following methods: acetylation in
excess of acetic anhydride  a! by the saturation of HC1 at O' C for 10
days;  b! by an excess of aceti c anhydride in methanesulfonic acid at O' C
overnight; and  c! by an excess of acetic anhydride in the presence of
perchloric acid at O' C for 3 hours.

INTRODUCTION

Among the polysaccharides widely distributed in nature, chitin has a
chemical structure most similar to cellulose, but i t has thus far not been
found useful because there are few suitable solvents for it, owing to
the strong resistance of its micelle structure to chemical reagents, When
the micelle structure of chitin is broken by some physical or chemical
procedure without decomposition of the chitin molecule, the solubility or
reactivity for the chemical reagents will be changed and the synthesis of
chitin derivatives will be further developed. For this reason, a freezing
procedure was used to break the micelle structure, and chitin viscose �!
or chitin-formic acid solution was obtained. Although chitin was also found
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to be easily soluble in dichloroacetic acid or methanesulfonic acid, the molecu-
lar weight tended to be reduced if it was left standing for too long a time
in these solvents.

Chitin fiber obtained from the viscose showed poor loop tenacity, and
the chitin film prepared from formic acid solution was slfghtly brittle.
But the fiber and ff1m are not yet useful for practical purposes owing to
this brittleness. Chitin viscose and cellulose viscose, however, can be
blended in any ratio without phase separation. Yiscose-rayon fiber blended
with 3I chitin showed excellent qualities of loop tenacity . dyeability and
ramie-like texture. Some studies on chitin derivatives such as glycol
chitin �!, chitin nitrate �!, carboxymethyl ated chf tin   7! and acetyl
chitin   3! have been reported, and many have been done on acetyl cellulose
�! as an acetate fiber. But there are few available on acetyl chitin and
almost none on acetyl chitin ffber and film,

Nearly 30% acetylated chitin was prepared by the freezing method
 O' C! from acetic anhydride and alkali chitin. Furthermore, variously
acetylated chitins were prepared from chitin through treatment in a mixture
of acetic anhydrfde and methanesulfonic acid at O' C overnight. The
100% acetylated chitin was syntnesized by the following methods;  a! chi tfn
was kept for several days at O' C in an excess of acetic anhydride saturated
with hydrogen chloride;  b! chitin was reacted with an excess of acetic
anhydride in methanesulfonfc acid at O' C overnight; and  c! chitin was
reacted with an excess of acetic anhydride containing perchloric acf d
at O' C for 3 hours.

The soiubility of acetyl chitin in 99K formic acid increases with
the degree of acetylation. The diacetyl chitin, when completely acetylated,
was soluble in 85% formic acid. The film formation and spinnability of
acetyl chitin were studied. The quality of both the acetyl-chitin fiber and
the film improved in loop tenacfty, flexibility and brightness with the
degree of acetylatfon,

EXPERIMENTAL

Chitin

Powdered Chitin of crab shell was obtained from the Nippon Suisan Co. Ltd.
It was found that ch i ti n binds tightly 1 /2 mole of water per N-acetylgl ucosami neunit. Anal. found.' C; 44.96t; k.' 6.50K; N: 6.57K. Calcd. for LCBHf 1NO3 OH

1/2H20]; C; 45.28'X; H: 6,60%; N; 6.6OX.

Chitfn viscose

One part of the chitin powder was steeped in three parts of 40% aqueous
sodium hydroxide for 2 hours at 11-13' C and for 10 hours at 0-5' C to
prepare an alkaline chitin. The alkali chiti n was pressed to three times
the original chitin weight to remove the excess alkali and then crushed to
powder with a Haring blender. The powder was put into a separatory funnel
and left for 10 hours at -20' C in vacua. Xanthogenation proceeded at 30' C
for 15 hours with the addition of carbon disulffde, corresponding to one-half
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the weight of the original chitin. Aqueous sodium hydroxide was then mixed
with the xanthate at 0 C to make a 5X chitin and a 4,5% alkali concentra-
tion. The mixture of swollen xanthate was frozen at -20' C and was then
slowly melted over 3 hours to obtain a clear homogeneous chitin viscose.

Cellulose viscose

Cellulose viscose was prepared from pulp according to the usual method
via a'lkaline cellulose,

A in of chitin viscose and the re aration of the s innin solution

The viscosity of the chitin viscose was reduced to 130 poises by aging
for 14-18 hours. As the viscosity was still too high to spin a fiber, however,
an equimo92ar amount of urea per N-acetylg'lucosamine residue was added. The
viscosity dr opped to 1 00 poi ses, and the solution was filtered through
calico and flannel for spinning.

Solution of chitin in a chemical rea ent

Solution in formic acid

Five g of chitin was suspended in 100 ml of 99% formic acid for several
hours at room temperature and then frozen at O' C overnight, The frozen
mixture was melted gradually at room temperature, This procedure was repeated
several tines until a clear solution was obtained. As the viscosity of this
chitin solution was too high to spin a fiber, the solution was di 1 uted to
a concentration of 4l chitin by adding 25 ml of 99% formic acid, followed
by 10 ml of dichloroacetic acid to prepare a 100-poise homogeneous chitin
solution.

Solution in dicloroacetic acid

Chitin was easily dissolved in dichl oroaceti c aci d at room temperature.
The viscosity tended to drop noticeably, however, with a corresponding fall
in molecular we tght, if the solution stood for too long a time at room
teraperature.

Solution in methanesulfonic acid

Chitin was dissolved in methanesulfonic acid at a low temperature with a
high concentration of acid.

heat hatt of chat 1n and th aolatfo of ~t1 htt1n

Acetylation of chitin through alkaline chitin

Alkaline chitin was prepared by the same method as chitin viscose and
acetylated by an excess of acetic anhydride. It was assraned from the
elemental analysis that 0.3 moles of OH groups per N-acetylglucosaraine
residue was acetylated. Anal, found: C: 45.93X; H; 6.69%; N; 6.21%.
Calcd. for [C8H11NO3 OH
'1/2 H201 [C8H11N03 OH! OCOCH3!'1/2 H20j0 3',811 3 2 2 yg 811 3
C; 45.95'X; H; 6.50'K; N: 6.238.



318

 A! Acetylation in methanesul fonic acid

To a mixture of 4 parts of methanesulfonic acid and 6 parts of glacial
acetic acid, a calculated amount of acetic anhydride was added at 0 C;
one part of chitin powder was then added with stirring at O' C, and the
mixture was left overnight at O' C. The reaction mixture was poured
into ice water to precipitate acetyl chitin. The precipitate was filtered
and washed with water, The product was resuspended in disti'lied water,
neutralized with anvnonium hydroxide and boiled for 1 hour. Acetyl chitin
was collected by filtration and dried in vacuo. Variously acetylated chitins
were prepared by this method. The amounts of acetic anhydride and the
degree of acetylation are shown in Table 3.

 8! Pmparation of diacetyl chitin

a! One part of chiti n powder and 5 parts of acetic anhydride were mixed,
saturated with hydrogen chloride and kept for 10 days at O' C. This
reaction mixture was added to ice water, and the precipitate was washed
with water and ethanol, It was easily soluble in 99% formic acid, but
was also soluble in 85% formic acid. Nearly 1.6 moles of OH groups per
N-acetylglucosamine residue was assumed to be acetylated from the elemental
analysis. Anal. found; C; 48.48%; H; 6.07%; N; 5.18%. Calcd. for
[CBH11N03 OCOCH3 2 0 6 [CBH11N03 OH! OCO"3! 1/2 H20j0 4,' C; 49,09%',
H'. 6.06%; N: 5.11%.

b! One part of chitin was added to the mixed acids � parts of acetic
anhydride and 4 parts of methanesulfonic acid! with stirring at, O' C for
5 hours. This reaction mixture became viscous and was kept at O' C overnight.
The product was precipitated by the addition of ice water. The precipitate
was treated by the same procedure as described in  A!  acetylation in
amthanesul foni c acid! . Anal. found: C'. 49 .46%; H: 6.00%; N; 4 . 72%.
Calcd. for [CBHIIN03 OCOCH3
]; C; 50,17%; H; 5,92%; N; 4,88%, It
was easily soluble in 99% formic acid and still soluble in 85% formic
acid.

c! To the aqueous perchloric acid �0%!, an equimolar amount of acetic
anhydride corresponding to the water in perchloric acid was added at O' C
and kept overnight at O' C to prepare a solution of perchloric acid in
glacial acetic acid. One part of chitin powder was added to a mixture of
10 parts of acetic anhydride and 2 parts of the perchlori c-aci d solution.
This reaction mixture was stirred for 3 hours at O' C, and the sludgy product
was poured into ice water to precipitate. The precipitate was collected,
resuspended in distilled water and treated by the same procedure as
described in  b! above. Anal. found: C: 50.00%; H; 6. 14%; N'. 4.76%. Calcd.
fo [CBH1 1N03 OCOCH3 2 ', C; 50 . I 7%; H ', 5 .92%; N; 4. 88% .

5 innin solution of fibers and s innin s

Chitin fibers

a! The spinning solution of chitin viscose was debubbl ed at room temper a-
ture and spun into a coagulation bath �0'% sulfuric acid, 25% sodium sulfate
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and 1X zinc sulfate! through a stainless-steel nozzle �0 holes, 0.1 mm i or
30 holes, 0.2mm i!. Ethanol was used for the elongation bath at room
temperature. The fiber was washed with water and ethanol  Fig. 1-8!,

b! Chitin solution in formic acid [4% chitin  w/v!, 8X dichloroacetic
acid  v/v!j g was spun through a platinum nozzle �0 holes, 0.1 ron i! into
isopropyl ether  first coagulation bath! and passed through ethanol-
glacial acetic acid-water �:1:1 v/v!  second coagulation bath! . The
elongation proceeeded in cold water as shown in Fig. I-A; the elongation
ratio was 1,1.

Acetyl chitin fiber

10 g of acetyl chitin �.1 moles acetylated! was dissolved in 150 ml of
99% formic acid; 12 ml of dichloroacetic acid was added to this solution
making the spinning solution about 100 poises [6.2'4 acetyl chitin  w/v!,
8% dichloroacetic acid  v/v!j. The spinning followed the same procedures
as described in  b! above. The elongation ratio was 1.32, and the fiber
was washed with boiled water  Fig. 1-A!.

Oiacetyl chitin fiber

The spinning solution �0 g of diacetyl chitin in 100 ml of 99% formic
acid and 50 ml of ethylene chloride of around a 1 00-poise viscosity! was
prepared by the addition of ethylene chloride to the solution of 20'X  w/v!
diacetyl chitin in formic acid; it was spun by the same procedure as
was used for the chitin fiber  b! above. The elongation ratio was 1.45,
and the fiber was washed with boiled water  Fig, 1-A!.

RESULTS AND DISCUSSION

Chitin-viscose solution

The chitin viscose could not be prepared by the same method as was used
for cellulose viscose, but a freezing process was applied successfully to
obtain a homogeneous chitin viscose. The effect of aging on the viscosity was
also observed in a way identical to that for cellulose viscose. It proved
difficult, however, to reduce the viscosity of a 5X chitin viscose to the
spinnable 100-poise level. The spinnability was also fatally affected by
lowering the chitin concentration, Urea was found effectively to reduce
the viscosity; as shown in Fig. 2, the viscosity of chitin viscose was
reduced rapidly by increasing the urea concentration. The equivalent mole
amount of urea to N-acety'lglucosamine residue was enough to achieve a
viscosity of 130 to 100 poises. This seems to suggest the presence of an
intermolecular hydrogen bond due to the aminoacetyl groups of chitin.

Chitin fiber and cellulose chitin fibers

As shown in Table 1, chitin fibers prepared from chitin viscose at a low
temperature seem to be useful, as they have a high Young's modulus and dry
tenacity. Poor loop tenacity and poor wet tenacity were observed, however,
and properties of chitin fiber seem to be changed seriously by the absorption
of water. On the other hand, chitin fiber prepared from the formic-acid
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solution seems to have better qualities than the fibers prepared from the
viscose. The dyeability of chitin fibers by acidic or direct dyes was much
better than for cellulose-rayon fiber; the higher dyeability was observed to
increase with the chitin content of the cellulose-rayon fiber. The properties
of cellulOSe-Chitin fiberS are Shown in Table 2, The addition Of 3X Chitin
was found to improve the properties of cellulose-rayon fiber,

~Acct 1 chitin

Chitin was acetylated by nearly 30% per N-acetylglucosamine residue
through the reaction of alkaline chitin with acetic anhydride. gariously
acetylated chitin was also obtained in methanesulfonic acid-acetic anhydride
mixture by varying the amount of acetic anhydride, as shown in Table 3.

Oiacetyl chitin was also prepared with an excess of acetic anhydride in
methanesul fonic acid according to the above method. The acetylation of
chitin proceeded in an excess of acetic anhydride saturated with hydrogen
chloride, according to P. Shoruiqin and E. Hait �!, although it was
difficult to acetylate completely and took a very long time. When perchloric
acid was used as a catalyzer, however, diacetyl chitin of a high molecular
weight was prepared in a short time. The higher acetylated chitin was the
more soluble in 99K formic acid, and the diacetyl chitin became soluble in
85% formic acid, The spinning of diacetyl chitin was carried out successful'ly
by the use of a formic-acid solution contai ning ethylene chloride, It was
spun into isopropyl ether, treated with ethanol-glacial acetic-acid water
 S;1;1, v/v! and elongated in water at room temperature. The fibers showed
some fine qualities. The properties of the fibers are shown in Table 4.

Com osition of chitin and acct 1 chitin

Chitin is assumed to bind water tightly, as shown by thermal analysis,
infrared absorption spectrum and elemental analysis. The composition of the
chitin mOlecule iS [CSH 1N03 OH! 1/2 H 0] after it haS been dried Several
hours at 100' C in vacua. Completely kcetylated diacetyl chitin binds no
water; the composition is LC8H11N03 QCOCH3
J. The composition of the
irrterrrredlates of acetylation agrees well with the results of the elemental
analysis, assrmring that the N-acetylglucosamine residue binds a half-mole
of water even in monoacetyl-chiti n [CSH NQ  OH! OCOCH ! 1/2 H20]. There
is nO bOund water On diaCetyl-chitin [C8HIINO3 OCOCH3
]. The details of
these findings will be published elsewhere.
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Table 1. Properties of Chitin Fibers

Sample Ho.

Denier

Dry 7.2.09
Tenacity

 g/d! Wet 0,22 0.15 0.10 0.02

tion C! 10.9 4.7 6.4 2.2
trengt g/d D.18 0.10 0.12 0.08

Elongation �! 9.3 6.0 7.7
Knot

Strength  g/d!

Elongation  I!
Loop

Table 2. Properties of Cellulose-Chitin Fibers

Chitin Content �!

Denier

Dry 2.09 2.08 1.75 1.37 1.20
Tenacity  g/d! Wet 1.06 1.02 0.66 0.53 0.44

Elongation  'l!

Strength  g/d! 1.42 1.12 1.19 0.99 0.88
Elongation �! 17.3 10.5 19.5 14.1 15.6

Knot

Strength  g/d! 1.26 0 .96 1,56 1.10 92 .05

Elongation  X! 3. 1 2,8 6, 7 5.4 4 .4
Loop

Table 3, Acetylation in Nethanesulfonic Acid plus Acetic Anhydride

Elemental analysis
hlolar ratio* Acetylated group** C t! k $! H X!

*equivalent mol'e of acetic anhydride/H-acetylglucosamine residue.
equivalent mole of acetyl group/N-acetyl glucosamine residue.

1.6

2.6

3.5

Dry

Wet

1.1

1.4

1,7

1 12 13 14

3.08 8.16 11.30 17.78

0.07 0.06 0.07

4.2 4.6 5.2

0 15 3 5 10

12.9 11,2 23.7 25.8 26.9

18.4 15.6 19.3 15.1 14.4

28,4 24,2 26.1 23.3 19.2

47.78 6.41 5.73

48.57 6.18 5,39

49.16 6.14 5.11
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Fig. 2. Effect of urea on the viscosity of chitin viscose,
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ABSTRACT

Shrimp processing is a major industry in Nigeria, and a high proportion
 85X! of what is produced is waste. Shrimp waste has a high protein content
�4.1t! of good protein value. Its amino-acid profile is similar to that of
fishmea I, and it is high in lysine and methionine �.2 and 2.5 g per 100 g
protein!. Preliminary experiments show that the protein is easily digestible
�8.7t! and has good PER �.1! when fed to rats at a 10'' level. It also
contains a high amount of eh~tin �2.5X! and of ash �7.3X! made up mainly of
calcium, and this might affect its value as animal feed. The potential of shrimp
waste as animal feed is discussed in detail.

INTRODUCTION

One way of combating human protein malnutrition is by increasing the use
ot animal protein, but that form of protein is becoming more and more expensive
in develOping countries, and will soon be out of the reach of the poor. The
price of fishmeal has tripled within the last year or two, and soybea~ and
maize are also becoming very expensive. It is therefore imperative to seek
locally available cheap sources of nutrition and protein. Cassava has
since been substituted for maize; more recently, the question has arisen
whether shrimp waste could not be substituted for fishmea 1,

The first commercial shrimp fishing in Nigeria started in lg65 when
two 70-foot Gulf of Mexico vessels, using a double rig of two 45-foot trawls
in conjunction with a try net, began fishing out of Lagos, with an
average daily catch that increased from 200 lb of tails in January to over
1,000 lb in June, By 1973 the Nigerian government had banned the importa-
tion of stockfish from Norway and Iceland, and this, coupled with the
discovery of shrimps in commercial quantities in the Nigerian waters, has
led to a rapid growth of the fishing industry . Around this period as many as
1358 metric tons of shrimps were caught. and that amount has sinCe grown even
larger, It later became clear that COmmercial fisheries wOuld have tO
be developed in order to meet the demand for fish in the country. Loans were
given to merchandize fishing boats, purchase nets, and process and market the
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fish. According to the federal fisheries Annual Report of 1973 about 23 fishing
companies had been registered, some operating on a charter basis, others
engaged in coastal fishing for fish and shrimps for freezing and export
to foreign markets, At the port, the heads, tails and shells are removed and
discarded. These could be dried and made into a meal by any of the usual
processing methods, such as steaming, or hot-air or sun drying. The meal
could be high in nitrogen, depending an the source, with some proportion
contributed by chitin,

Since a high proportion of the shrimp brought to shore  about 85%!
is made up of shrimp waste that is usually discarded, an attempt is made
in this preliminary report to determine the chemica1 composition of the
Waste and evaluate the possibility for using it as animal feed,

EXPERIMENTAL

Shrimp waste was obtained from the factory and brought to the
laboratory for drying. The meal was then ground up into a powder and
used for various analyses.

Proximate analysis and lipid determinations were carried out by
AOAC methods of analysis �!, and chitin by the method of Meyers et al.
�!. Amino-acid analysis was done after hydrolysis with 6N HCl for 16 hrs
on a Per kin Elmer automatic amino-acid analyzer model KL-3B; available
lysine analysis was carried out by Carpenter's method �!. In vitro
digestibility was determined using the method of Saunders and Kohl er
  I 0! wi th pepsin followed by pancreatin .

In the rat feeding assays, a modification of the Rippon basal
protein-free diet was used  9!. The composition of the diet is shown in
Table 1.

Table 1 . Composition of Basal Protein-Free Diet

Ingredient Amount

All the test diets were prepared by incorporating each material
separately at the expense of the cornstarch in the basal protein-free diet
to give 10K protein  N x 6.25!. Both the basal protein-free diet and the
test dietS were made in to a thi ck paste with a small quantity of water to
reduce spillage by the animals. Weanling litter-mate male rats of the Wistar
strain from our own colony were used. They were collected at 23-24 days of

Sucrose
Butter  Danish!
Vitamin mixture
Non-nutritive cellulose
Salt mixture
Cod-liver oil
Corn starch

9
140
200
100
100
80
20

1360
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age, numbered and housed individually in screen-bottomed cages. They were
weaned to the stock diet in the experimental cages for one week. At the
commencement of the feeding trial the rats were 30-31 days old and weighed
between 50-60 gm.

One group of four rats was fed the protein-free diet for ten days and
a second group was fed the shrimp-waste diet. For comparative purposes,
casein at the 10% protein level was also fed to a third group of four male
rats for ten days. Water and food were given ad libitum. The weights of
the animals were recorded every other day. The first three days were
regarded as an acclimatization period during which no records were kept
of food consumption, and no collection of feces was made.

Collection of feces was made daily for the last 7 days of the
feeding experiment. The feces of individual rats were pooled, dried at
105' C for 24 hours and ground into powder for fecal nitrogen estimation.

At the end of the experimental period the animals were sacrificed
and the carcass nitrogen determined by Kjeldahl digestion and analysis.
The feeding trial was then repeated .

RESULTS

Table 2 gives the chemical composition of the shrimp waste,

Table 2. Proximate Ana'lysis of Shrimp Waste

It includes a large amount of crude protein �4K!, with a high proportion of
non-protein material �1%!. Although the lipid content is low �.73K!, the
iodine number �42! shows that it is highly unsaturated  Table 3!. The
fat consists of phospholipid �7.9%! and non-phospholipid �2K! fractions
in similar amounts. The rest of the lipid is made up of trlglycerldes
�4,3%!, sterol ester �4;.!, diglycerides  8.2X!, free fatty acids �2.9%!,
monoglycerides and sterols. The chitin content is 12.5X which corresponds
approximately to the crude-fiber content   12. 1%! . The true protein N can
be obtained by subtracting the percentage of chitin-N �.86%! from the
total N. From this true protein-N �.06%! the true protein �4,ly! is
obtained by multiplying by 6. 25. The ash content is very high �7 . 3%!; it
consists mainly of calcium �1.4X! in the form of CaCO . but contains
some phosphorus �.8%! and other minerals.

Moisture
Total crude protein
Corrected crude protein
Ether extract
Crude fiber
Ash
Calcium
Phosphorus

6,3
49.5
44,1
4.3

12 'I
27. 3
11,4
1.8
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Table 3. Chemical Composition of Shrimp Waste

Constituent

0.73Lipid
 Iodine value of lipid:142!

of
extracted
fat

The amino-acid analysis in Table 4 shows that shrimp waste is made up
of proteins of good quality.

Table 4. Amino-Acid Analysis of Shrimp Waste
 $ of dry matter!

Thre Gly. Val Met Isoleu Leu Phen Lys" His Arg

1.9 2.1 1.8 0.8 1,7 2.8 2.1 2.7 1.6 2.8

Most of the lysine is in the available form, but the lysine
digestibility is low �3%!.

The PER and digestibility of the proteins are low �.9 and 71.5%
respectively!, but if allowance is made for the chitin N then the figures
are reasonable �.1 and 78.7% respectively! as shown in Table 5.

Table 5. Nutritive Value of Shrimp Waste

Uncorrected Corrected

In Vitro
Digesti-

PER TD bility*

In Vitro
llg eeet t-

PER TD bility"Ration

Shrimp Waste 1.9 71.5 58 2.1 78.7 63.8
Casein 2.5 86,8 99.5

The low in vitro digestibility is probably due to the chi ti n .

Sterol ester
Triglyceride
Diglyceride
Monoglyceride
Sterol
Free fatty acids
Phospholipids
Mon-phospholipids
Hydrocarbons
Chitin

14.0
24.3
8.2
2,2
3.7

12.9
57.9
42.1
36.8
12,5
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DISCUSSION

The high salt  sodium chloride! and calcium contents could limit the use
of shrimp waste as animal feed, Salt is usually added to prevent spoilage
during the sun-drying process, and the concentration may vary from 0 to 7X
in the final product. The <ish content is variable, making up from 17 to 30%
of the final product, as it is derived mainly from the exoskeleton. The
exoskeleton is very rich in CaCO3, and can make up trom 5 to 27'K of the
product �1!.

The high mineral content is probably responsible for the low chemical
digestibility �1.5! and the low PER   1. 9! value . In this preliminary
experiment, the shrimp waste was used exclusively as the main source of
protein, but in subsequent experiments now in progress, it is being used
in combination with leaf-protein concentr ate. From the pattern of the
ami no acids it appears a liri ori to be a good an~mal feed, The composition
is comparable to the compositions of fishmeal and of bonemeal, It has a
high con tent of lysine and riiethionine, and most of the lysine is in the
available form. In addition, it contains an appreciable amount of
carotenoids which makes it valuable as chicken feed. Jarquin et al. �!
found that it reacted in a slower growth rate in chicks when compounded
with fishmeal than fishmeal alone did when given at the same protein
level. Supplementation with lysine improved the weight gain, but the
addition of methionine produced no further response. Addition of phosphoric
acid also improved growth. Love11 et al. �! found that shrimp waste was as
good as amino-acid fortified soya as the sole source of protein for rats.
Dray et al, �! found that shrimp meal was superior to tankage as a
supplement, to maize or to maize and rice polishing, regardless of whether
these supplements were fed alone with maize or in combination with
cottonseed meal and other protein feeds in growing-finishing swine
diets. Perez  8! found thai. satisfactory results could be obtained when
shrimp meal was used as a supplement at A level.

The amount of chitin is closely related to the crude-fiber content,
probably because the method of estimation is similar. Other workers have also
found that crude-fiber conten t is a good indication of chitin �!. It is
very doubtful if chitin is utilized by monogastric animals, though it may
possibly be used by ruminants, and this lowers the nutritive value of
shrimp waste. The PER and TD obtained could be corrected for chitin,
and these would then gi ve a PER of 2, 1 and a TD of 78, 7X, which are more
reasonable and promising for. a source of protein.

Another aspect that might pose a problem in the use of shrimp waste
as animal feed is the variable composition of the meal. The head, which
constitutes about 40-44% of the shrimp, is known to contain the highest
amount of protein, and it is the source of a series of enzymes �!.
The hulls contain less protein and more chitin and ash, so that the
fina! composition of the meal will depend on the proportions of the
various parts that are mixed together. In addition, the method of
processing will also have an effect on the composition. In cases where
the shrimp heads are separated at sea, a period ot time will have
elapsed before final processing, and this may result i n loss of nutri ti ve
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value, A 10K reduction has already been observed in the protein when the
heads were allowed to spoil for 24 hrs. The rapid degradation is brought
about by the enzymes concentrated in the head. This auto'Iytic and micro-
biological degradation can be reduced by a treatment with acid for 6-24 hrs,
followed by neutralization, which destroys the enzymes.
CONCLUSIONS

With proper handling, shrimp waste can be a new source of protein
for animal feed, and it would be economical, both because it is expensive
to get rid of this waste due to its high BOD requirement and also because
of its nutritive value.

ACKNOWLEOGMENT

This work was supported by a grant frorx the Nigerian Institute
of Oceanographic and Marine Research, Lagos, for which i.he authors are
very grateful.

REFERENCES

l. AOAC, 1970, Methods of Analysis. Association of Official Agricultural
Chemists Handbook. Washington, D.C.

2. BLACK, M.M., and H.M, SCHWARTZ. 1950. The estimation of chitin and
chitin nitrogen in crawfi sh wa ste and derived products, Analyst
75:185,

3. BRAY, C,I., J.B. FRANC[ONI, JR., and E.M. GREGORY. 1932. LA Agr.
Exp. Sta. Bull. No. 228  July 1932!.

4, CARPENTER, K.J, 1960. The estimation of available lysine in animal
protein foods. Biochem. J, 77:604.

5. JARQUIN, R,, J.E, BRAHAM, J.M. GONZALEZ and R. BRESSANI. 1972.
Evaluacion del valor nutritior de subproductos del camarin en
alimentacion de pollos, Turrialba 22:I60.

6. LOVELL, R .T ., J, R . LAFLEAR and F .H, HOSHUNS . 1968 . Nutritive
value of freshwater-crayfish wastemeal. J. Agr. Food Chem. 16:204.

7, MEYERS, P., J.E. RUTI EOGE and S.C. SONN. 1973. Variability in
the proximate analysis of different processed shrimp meals,
Feedstuffs 45:34.

8 . PEREZ, A.C. 1 932. A comparative study of copra meal, shrimp meal
and tankage as protein supplements to a basal ration of pigs.
8 .S . thesis, Philippine College of Agriculture .

9. RIPPON, W.P, 1959. A comparison of several methods for estimating
the nutritive value of proteins, Brit. J. Nutr. 13:243.

10. SAUNDERS, R.M., and G.Q. KOHLER, 1971, Eleventh Technical Alfalfa
Conference Proceedings. Albany, California.



333

ll, THURSTON, C,E., and P.P, NACMASTERS 1959. The carbonate content of some
fish and shellfish meals. J. Assoc. Official Agr. Chen. 42:699.



Vll. CHEMICAL ASPECTS OF CHITIN RESEARCH



335
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ABSTRACT

Ch i tosan is applied in anion-exchange, chelati on, li gand-exchange,
affinity and thin-layer chromatography. Chitosan is the mast powerful
collector of vanadium so far known among polymers and its column capaci ties
are 0 . 347 g VOz+ per gram and 2 . 327 g VOs� per qram. By taking advantage
of chitasan's indifference to manganese ions, it can be used to recover
cobalt, nickel and copper from marine nodules, after fusion of the manga-
nese nodules in sodium hydrogen sulfate at 215'C, Copper- loaded chi tosans
are used to collect amino acids with hi gh yields, even under unfavorable
pH conditions, Lysozyme is isolated from accompanying proteins on ch i tosan
columns at pH 9.0 and is eluted with a 2 X solution of propylamine. The
chicken egg white lysozyn» thus recovered keeps 55 X of the original acti-
vity. Chitasan thin layers are prepared for the first time and used to
perform quality checks on a numbe of dyes of interest in histology; they
also help resolve dye mixtures used in food technology.

INTRODUCTION

Chitasan has been fully described in recent books �5,16,17!, and since
the first reports on its chelating ability �4,24!, several Laboratories
have produced data of interest in various branches of ch romatography .

Ch i tosan can be consi dered a strong base as its primary amino groups,
whose pKa is 6,3, easily form quaternary ni trogen salts at low pH values;
thus, in a~idic solutions chitosan has high anion capacity. At higher pH
values, however, it is a weak base because the primary amino groups are
not protonated and therefore da not interact wi th anions and do not di s-
sociate neutral salts: for instance, they do not retain chloride from
sod~urn chloride neutral solutions, This is a peculiar feature of chi tosan,
in so far as it would be classified as a strongly basic anion exchanger
with no dissociation capacity for neutral salts,

Chitosan is relatively indifferent ta alkali metals and alkaline earth
ions and is thus superior to other polymers tested for the recovery of
transition n»tais in saline waters. The complexing ability of chitosan is
a direct consequence of the base strength of the amino groups and is mast
effective for those metals which form complexes with armrmnia. e.g. copper ~
zinc and mercury. The amino groups are regularly distributed at Cz of
each anhydroglucose ring and the nitrogen percent is up to 8.4.

Thus, while sharing desirable properties with other biopolyraers, such
as hydrophilicity, chitosan alone possesses certain features due to its
amino groups, namely basicity, high capacity for transition a»tal ions,
fast binding rate, fast flow-rate for solutions percolating through
chitosan colurrms, buffering capacity for hydrogen ions and negligible
swe 1 1 in g.

Characterization of chi tosan has revealed a nurrber of advantages for
this material over man-made cOnm»rcially available chelating resins such
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as Amberlite XE-318 and Dowex A-l, otherwise called Chelex 100  Srafion is
not considered a chelating resin �0!!, For instance, chitosan exhibits
very little volume change with exposure to acids, bases and brines, while
man-made resins undergo volume changes as hfgh as 40 I,

Chitosan can be easily derivatized: for example, the fsvxobilizatfon of
enzymes and other substances has been performed with glutaraldehyde,
however, in view of the features of the chi tosan surface and chemical con-
stitution, adsorption does not necessarily require chemical modification.
Cross-linking with suitable reagents would presumably obviate the tendency
to solubilization that chitosan shows in certain media.

The purpose of this paper is to offer evidence of the usefulness of
chitosan in anion-exchange chromatography, chelation chromatography,
1igand-exchange chromatography, adsorption or affinity chromatography and
in thin-layer chromatography. Important separations are presented for
each of these branches.

As for anion-exchange, particular attenti on i s paid to the possibility
of collecting vanadi um i n large amounts instead of traces, as previously
investigated �1,22!. In fact, there is interest in collecting vanadi um
from fly ashes derived from petroleum products �! and from waste waters .

In the field of chelation chromatography, the separation of valuable
retals from manganese nodules is of i mportance; marine ores, mainly composed
of manganese oxide with some i ron oxide and contai ning up to 2. 7 4 of
cobalt, nickel and copper, await exploitation for the industrial production
of the latter three elements �,7,8,13,27!.

Li gand-exchange chromatography has found a variety of applications,
during the last several years, mainly for isolation or fractionation of
amines  9, 1 9,25 !, amino acids   1,6 ! and nucl eos i des � !; the capaci ty of the
chromatographic supports depends on the amounts of nmtal ions being retained
on them and therefore chelating polymers having high capaci ty for transition
metal fons are highly desirable. In addition, the metal ions should be
retained under the operation conditions and no leakage should occur.
Chitosan combines a number of features which qualify it as a good support
for ligand-exchange.

By taking advantage of chi tosan 's surface characteristics   10,18,26 !,
several enzymes have been imobili zed on it, among others a-chymotrypsin,
acid phosphatase, proteinase, trypsin and subtilisin, It is known
that the biochemistry of lysozyme has been studied with the aid of oligo-
chitoSaccharideS. ChitoSan is not hydrolyzed by lysozyme �! and therefore
is an attractive chromatographic support for this enzyme. Thus, the iso-
lation of lysozyme from natural products would extend the choice of
techniques for the purification of this important enzyme.

The preparation of thin layers of chitosan, here reported for the first
time, has been hindered so far by the inability to produce chitosan powder
thin enough for homogeneous layers. In the past, thin lavers were produced
with chitosan-coated cellulose; the chitosan often being in the formate or
acetate forms as a very minor component of the layer, the results were
not representative of chitosan itse'lf. Chromatographic checks on sore
cationic dyes are often necessary to ensure reproducible staining of histo-
logical preparations �1,12!. In another group of dyes currently used in
the food industry, one is presently suspected of having adverse effects and
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foods containing it are being withdrawn from the market in Italy and other
Countries. A sudden need exists for rapid identification of the red dyes
to produce evidence of illegal products.

EXPERIMEHTAL

Instrumentation

A Perkin-Elnmr 305 atomic absorption spectrometer equipped with both
flame atomizer and PE-70 graphite atomizer, deuterium background compensator
and strip chart recorder was used for metal determi nations . A Becknmn nodel
25 double beam spectrophotometer equipped with a printer uni t, an automatic
strip chart recorder and a thermostat was used to determine amino acids and
enzyme activities. Effluent fractions from a reference column with no
enzymes were normally used as blanks, The selected wavelengths were 280 nm
for proteins and 600 nm for Renmzol Brilliant Blue R, to determine the
irmnobi lization yields and the activity percentages, respectively. Amino
aci ds were determined at 540 nm, A Perki n-Elmer DSC-2 differential scanning
calorimeter was used to obtain physi eel evidence of chemical nodifications
introduced into chitosan: 1 t was operated in the temperature interval - 173 n
+100'C with cooling and heati ng rates of 80'K~mi n ', range 20 meal xsec- ' .
chart speed 10 nmr>min ' and helium pressure 5 atm.

Chi tosan

Chi tosan was supplied by Food, Chemical and Research Laboratories, Inc.,
 Kypro Company!, 4900 9th street hl.W., Seattle, WA 98101  batch number 3-73
Dungeness!; it was milled, sieved and used 1n powder form. The jacketed
columns were as follows: for vanadium 30~10 rmn, 20 mlrrmin �.5 g pre-
conditioned chitosan!; for manganese 60x5 rmn, 3 mlxmin �.2 g precondi-
tioned chi tosan !; for lysozyme 80x9 rnrr, 5 mlxmi n   1,5 g chi tosan! and for
amino acids 85x4 nnr, 0,7 mlxmin-' �.5 g chitosan loaded with 0.150 g
copper from copper sulfate solution!, The columns were connected to a
Gi lson HP-4 peristaltic pump. For the preparation of thin layers, chi tosan
powder was first dissolved in 2 t acetic acid and then precipitated wi th
armrnrnia; after washing on a large Buchner funnel, the gel was introduced
into a dialysis tube and kept against distilled water for several days.
The gel was then lioph1lized at -30'C, then it was di srupted in a mi 1 1 at
20,000 rpm for a couple of minutes. A suspension of the resulting powder
in water+ethanol  9:1! was used to prepare 0.25 rmn thin layers with the
Desaga apparatus . Scheicher 8 Schue 1 1 DEAE-cellulose and Carlo Erba Strato-
crom Al-backed silica ge'I thi n layers � .25 mm! were also used. The latter
were developed according to previous publications �2!.

Chi tosan derivatives

A number of chi tosan derivatives have been prepared by suspending the
chitosan powder i n the proper solution and stirring according to the
following descriptions . The solubility assay was done in 5 X acetic acid at
20'C and at boiling. All the derivatives obtained were free-flowing powders.

TU-GLA-chi tosan: chi tosan � g! was reacted wi th 0.2 M th1ourea �0 ml!
and 25 t glutara ldehyde � ml!. Insoluble.

0-GLA-chi tosan: chitosan � g! was reacted with 0 .2 M urea �0 ml! and
25 X glutaraldehyde � ml!. Insoluble.
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U-GLY-chitosan: chitosan � g! was reacted with 0.2 N urea �0 ml! and
glyoxal � .5 g!. Insoluble.

AMSA-chi tosan: chi tosan was reacted with 5-ace tylmercaptos uccinic
anhydride  molar ratio 1:10 ! in little water at boiling for a few minutes.
The violet product was washed with cold water until white. Insoluble.

EPIC-chitosan: chitin �0 g! in form of flakes was stirred in 40 l
sodium hydroxide �00 g! at O'C for 48 hr. During this tine, the tempera-
ture was allowed to rise to 15'C three times. Water � 1! at 15'C was
added and the flakes were pressed in a nylon filter. After addition of
epichlorohydrin �0 g! the reaction was allowed to proceed for 48 hr at
5'C. The amino groups were thus protected  except for about 15 5 of them,
naturally occurring in the free fore!; the obtained epichlorohydrin chitin
was deacetylated according to Broussignac to yield epichlorohydrin chitosan
�7! . Insoluble.

DIAZ-chitosan: chitosan � g! was reacted with excess nitrous acid
according to the current diazotization procedure. Evolution of nitrogen
was evident even at low temperature.

0-Hydroxyethyl chitin covalently labelled with Remazol Brillinat Blue R
was prepared and used for the determination of lysozyme activity.

Copper-loaded chitosan was prepared by stirring chitosan �0 g! with
copper sulfate pentahydrate �7.5 g! in water,

~Rea ents

Metal ion solutions were obtained by dissolving sulfates, except for
mercuric chloride, trisodium orthovanadate and sodium hydrogen phosphate.
The solubilization of the manganese nodules has been carried out in sodium
hydrogen sulfate or in potassium hydrogen sulfate. The temperature re-
quired for fusion was a round 215'C; this is i mportant because the process
hereby proposed requires very little enerqy, in accordance with well-known
restrictions related to the locations of the future processing plants.
The resulting mass is soluble in water and yields a clear solution of
manganous i ons; the sulfate anion favors the subsequent chromatographic
separation. The amino acid solutions were 0.3 mM. The eluate � ml! was
added to 1 f ninhydrin reagent � ml! kept in a boiling water bath for 10
min, cooled and diluted with 4 ml of 50 5 ethanol. The dyes were aIT
supplied by Merck AG, Darmstadt, and were applied as water+ethanol
solutions.

RESULTS AND DISCUSSIDN

Anion-exchan chromato ra h

The data in Table 1 show that chitosan and all of its derivatives collect
the total amount of vanadate brought to their presence in aqueous solution
at pH 2.5. The lowest results are obtained with DIAZ-chitosan, It was
observed that the chitosan powder, which is white, first becaxm orange
and then green upon collection of the yellow vanadate. As vanadate is
reduced to vanadyl by fairly mild reducing agents, this observation can
be explained by admitting that part of the vanadate is progressively re-
duced to vanadyl when left in contact with chitosan by the combined action
of some carbonyl groups and light; therefore vanadium would be retained in
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part as vanadate  ion-exchange! and in part as vanadyl complex  chelation!.
Several measurements on the collection of vanadyl from aqueous solutions
have been carried out on chitosan; the breakthrough curves have been
studied as functions of the pH of the vanadyl solution, the most favorable
one being at pH 6.0. The column capacity, in this case, has been calcula-
ted to be 265 mg of vanadium per gram of chitosan, from the equation:

k  Yl + Vz!xC
column capacity =

ml chi tosan

where C is the metal ion concentration in srsols3 '; V is the effluent
volume in liters at points 1 and 2  initial and final points of the break-
through curves!. Thus, both vanadate and vanadyl ions can be easily
recovered on chitosan,

Vanadate can also be recovered from brines; several seasurements of the
collection yields on several derivatives from 3 X iiaCI solutions have been
included in Table I. As the most interesting derivatives in this respect
appear to be U-GLY-chitosan, the breakthrough curves for vanadate from
chi tosan and U-GLY-chitosan have been studied as a function of pH. the
highest colum capacity for chitosan was found at pH 4.0, while for U-GLY-
chitosan is at pH 3,0, The breakthrough curves for vanadate from these
columns under the best experimental conditions are in Fig. l. It is clear

Table 1. Collection Percentages of Natal Ions from
Aqueous Solutions at pH 2.5, by Chitosan
and Chitosan Derivatives �00 mg! after
24 hr at 20'C under Stirring

NV+ Cu'~ilii Mn + Cog+Polymer

2. 5 bri ne 2. 5 5. 5 2. 5 5.5 2. 5 5.5 2.5 5.5

For symbols, see under Experimental.

Chi tosan

TU-GLA-chitosan

U-GLA-chi tosan

U-GLI-chitosan

A14SA-chi tosan

EPIC-chi tosan

DIAZ-chitosan

100 100

99 67

99 34

100 90

99 43

99 69

60 33

0 10

0 0

0 5

0 4

0 8

0 4

0 0

10 46

0 0

5 5

9 18

16 25

Il IO

0 0

54 99 100

11 11 17

23 38 91

35 64 85

58 94 96

23 86 100

0 0 0
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that the chi tosan collects morc vanadate from 3 X NaC1 brlnes than from
water. The column capaci ties are: 196 and 320 mg of vanadium per gram of
U-GLY-chitosan and 718 and 1032 mg of vanadium per gram of chitosan. These
values are given as minimum values obtained by extrapolating the break-
through curves; actual values would possibly be higher, because the
effluent concentrations are always s lightly lower than the concentrations
of the solutions fed into the colurrms . They take into account the high
specific weight of U-GLY-chi tosan � .8 g instead of 0 .5 g for similar
columns of chitosan!.

The chi tosan treated with nitrous acid   DIAZ-chi tosan!, as a conse-
r!uence of' the destruction of the amino groups, completely loses its
chelating ability as shown in Table 1; in fact, DIAZ-chi tosan ls a
deeply modified substance as revealed in Fig. 2: the calorirr»tric pro-
files and areas relevant to chi tosan, chitosan orthovanadate and DIAZ-
chitosan tes ti fy of the altered identities� .

The chelation ability is not lost with other derivatives: EPIC-
chitosan, a cross- linked chitosan ~ keeps most of its chelating power.
This means that chi tosan, when suitably cross-linked to impart insol u-
bllity, is still apt for chelation chromatography, An illustration of
this point is given in Fig. 3, where the breakthrough curves for mercu-
ric ion on chitosan, EPIC-chitosan and AMSA-chitosan are p'Iotted.

While the results for chitosan and AMSA-chitosan are equivalent,
there is a little drop of column capacity with EP!C-chitosan. The co-
lumn capacities are: chitosan, 565; AMSA-chitosan, 526 and EPIC-chltosan,
173 mg of rr»rcury per gram.

Chi tosan and U-GLY-chi tosan columns co~ditioned at pH 5.5 with sulfu-
ric acid, were used to study the collection of phosphate from 2 ppm solu-
t1on of phosphorus as sodium dihydrogen orthophosphate . Under these
conditions, the breakthrough points were at 640 ml and 80 ml for chitosan
and for U-GLY-chitosan, respectively. Evidence of the high capacity of
chitosan for orthophosphate ls presented in Fig. 4. Chitosan colusms
� g! were conditioned at various pH values with the mixture sulfuric
acid + arrmmnium sulfate �.1 M! and with arrmKrnia. The phosphate concen-
tration was plotted against the volume of effluent, The highest capa-
city was found at pH 6.0.

Chelation chromato ra h

It appears from the data presented above that cobalt, nickel and copper
are retained on chitosan, while manganese is not. It is also known that
iron in the ferrous state is not retained.

The breakthrough curves for the mixture of the five metals in the
ratios Mn 52.6 I, Fe 31.6 4, Co 5.2 X, Ni 5.2 X and Cu 5.2 X are presen-
ted in Fig. 5. Ascorbic acid was added to keep iron in its lower oxida-
tion state. However, most of the marine nodules contain very little
iron and its collection on chitosan would not appreciably depress the
collection of Co, Ni and Cu, thus the reducing agent is just optional.
It should be noted that these results refer to a very short column,
which was selected to obtain the five curves in reasonable interval for
analytical purposes, but colurrms with a sere favorable length to dian»ter
ratios would give more distinct intervals between the Mn and the Co curves,
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Chitosan columns have been recycled 20 times according to the following
sequence: a! metal ion solution � ml! at pH 6.0 with added ascorbic acid
in the ratio ascorbic acid/<ron = 100 and sodium sul fate � gal r!, final
volurlm 50 ml; b! water �0 ml ! to wash out excess disodium sulfate; c! 0.1
M sulfuric acid + arrmxrnium sulfate mixture to perform elution; d! water
�0 ml!; e! 1 M armrnia �0 ml! and finally, f! water, to reach pH 6.0.
The columns did not lose their chelating ability as the results of the
20th cycle are sirlnlar to those of the first �3!.

Li and-exchan e chromato ra h

The copper-loaded chitasan �00 mg! was stirred with amino acid solution
� ml! for 1 hr at room temperature. The same was done with the copper-
loaded chitosan in the armmrnia form. The results are presented in Table 2
and indicate that all the amino acids tested can be collected on the chito-
sans loaded with copper, which have high capacities for a few of them.
Results for the series relevant to Cu-chitosan are higher than for the
series of Cu-h!Hs-chitosan.

Table 2. Collection Percentages of Amino Acids � ml of
0 . 4 rlN solutions� ! an Cu-Chi tosan and on Cu-HH,-
Chitosan �00 mg! after 1 hr Shaking

Amino acid ~initial ~ Cu-chitosan Cu-HHs-chitosan chitosan

The sinai pH values were: on Cu-ehitosan 5.5; on Cu-NHS-chitosan 6.5 r 7,0
and on tbitosan 8.0 �: 8.4,

When 0.3 mM arsino acid solutions are percolated through the colunms,
L +!-cysteine shows a black band in the upper part of the colurrm, which can
be eluted with arrmonia. The breakthrough curve for this amino acid under the
said conditions is rather flat; some breakthrough curves are in Fig. 6,

Affinit or adso tion chromato ra

The imrrrobil ization yields of lysozyme are shown in Fig. 7. Aqueous solu-
tions of lysozyrse at the desired pH � ml at 1 mgxml-'! were introduced into
chitosan colunms and kept in contact 30 min at 30'C. The columns were then
washed with water �0 ml! at the same pH, and water fractions � ml! were
collected for spectrophotarrmtric determinations. The optimum pH for lyso-
zyme retention is 9.0. When the solution is percolated through the colusm
at the flow-rate of 5 ml ~min-l, without allowing for a 30 min standing, the
retention is 75 5 at pH 9.0.

L-tryptophan
glycine
L +! histidine HC1
L  +! as parti c a.
L +! isoleucine
DL serine
L -! histidine
L +! glutamic a.
L +! cysteine

6.6
6.8
5.2
4.3
6.6
7.4
6.5
3,9
5.5

100
100
83

100
69
88
62

100
94

65
37
58
87
19
59
59
87
0
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Lysozyme can be easily and quantitatively eluted from chitosan columns
by using 2 X propylamine solution at pll 11.5. Good elution yields can be
also reached with carbonate buffers,

Chicken egg white  85 ml! was treated with sulfuric acid in the volume
ratio 1:3 and shaken for 1 hr at pH 5.5 after adjustement with 1 M sulfu-
ric acid. After '!2 hr at 0-: 5'C and centrifugation at 20,000 rpm for 2 hr,
the pH was adjusted to 9.0 and the supernatant was passed through a chito-
san column. Various aliquots, for instance 0.5, 1.0, 2.5 and 5.0 were
diluted to 20 ml and submitted to chromatography.

Table 3. Recovery of Lysozyme from Chicken Egg White,
after Treatment wi th Sulfuric Acid and
C hromatog ra phy on C hi tos an Co 1 umns

Optical density at
280 nm of the eluate
fraction

Treated egg white,
ml

Enzymatic activity of the
eluate,
percent o f ori gi na1

50
52
58
56

0.5
1.0
2.5
5.0

0.205
0.430
1.010
2.150

Thin-la er chromatp ra h

The separations obtained on thin layers of chi tosan for 4 number of
dyes conmmnly used in histology are illustrated in Table 4; they were
achieved in less than 1 hr, by developing with water + methanol + 2 I
diethylamine  8:1:1!, To show how different the behavior is of the dyes
on OEAE-cellulose, data for OEAE-cellulose thin 'layers developed in the
same tank are included.

As a general trend, the dyes on OEAE-cellulose do not move or produce
long tails; only Methyl Red is resolved. On chi tosan thin layers, the
separations of several components are visible; particularly remarkable
are those relevant to Phenol Red, Eosin Yellowish, Leishman's Eosin
Methylene Blue and Methyl Red. With more di ethy lamine in the devel oping
mixture  water + methanol + 2 f diethylamine, 1:1:8!, Toluidine Blue is
resolved into 3 fluorescent components at 00, 74 and 88 and Neutral Red

Most of the high relecular weight proteins are eliminated during the
sulfuric acid treatment; other proteins quickly saturate the chitosan
column and pass through during the adsorption step while lysozyme is pre-
ferentially adsorbed, The column was then washed with buffer at pH 9.0
�0 ml! and eluted with propylamine. Washing had the effect of removing
selectively most of the proteins other than lysozyme; propylamine had the
effect of eluting lysozyme in the interval 5-: 15 ml. Table 3 shows that
the protein recovered in the process of elution  lysozyme! is proportional
to the volume of egg white treated; the same can be said for the enzymatic
activity found on the elution fractions. The enzyme activity was found to
be about 55 5 of the activity of the untreated enzyme.
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gives 3 spots at 05  yellow! and 12 and 23  fluorescent!.

About the dyes which belong to this group and to the one previously
studied   11 !, the following considerations can be made: while silica gel
is superior in resolving Crystal Violet and Acrydine Orange, chitosan is
superior in resolving Neutral Red because this dye could not be resolved
on silica gel thin layers,

As for the dyes currently used in the food industry, their Rf on
chi tosan thin layers are as shown in Table 5: the E-123 dye is sharply
separated and distinguished from the other dyes because its red spot has
a relatively low Rf value.

Table 5, Rfx100 of Dyes Used as Food Additives, on
Chitosan Thin Layers Developed wi th Water
+ Methanol + 2 X Diethylamine  8:1:1! over
1 hr at Room Temperature. Color Codes as
under Table 4

E-102 E-103 E-104 E � 110 E-123

93 y 78y 71 o 61 r
64 y

75 y
00 y

E-131 E-151 E-152E-124 E-126

95 b 44 v 28 g94 f
87 r

78 r

CONC L US I ONS

Chitosan is suitable for applications in various branches of chromato-
graphy. 1t possesses impressively high capacity for vanadate, the ratio
vanadate/chitosan being 2.3/1 by weight in the product obtained, Phos-
phate is another anion that can be retained on chitosan with very high
yields: chitosan forms insoluble salts whose anions can undergo exchange.

The selectivity of chitosan in chelation chromatography has been put
to use in recovering valuable metals from manganese nodules: the proposed

Chitosan can be easily modified to obtain a range of chi tosans inso-
luble in acetic acid, for special chromatographic applications. Inso-
lubilization can be easHy confered with simple reactions with relatively
inexpensive reagents in aqueous media; the reactions are rapid even
though heterogeneous in nature. Percolation of solutions through the
modified chitosans is as facile as on chitosan itself due to the native
ultrastructure which is conserved. Therefore, the solubility of chito-
san in certain acids should not be considered a drawback: on the contrary
it is an advantage because one can improve the surface characteristics of
chitosan by simply dissolving and reprecipitating it, for the purposes of
gel chromatography and of thin-layer chromatography.
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method requires very little energy, thus taking into account' the location
of future treating plants in energy-deficient regions such as Hawaii:
this is a remarkable advantage over the proposed methods, one of which
includes melting a salt mixture and keeping it at 1,000 C for 5 hr to
carry Out haiidation and vapOrization of the halideS �!. AnOther method
reacts nodules with air nnd su'Ifur dioxide to form a leach solution which
after filtration and pH adjus tement to 2.0, is extracted wi th hydroxy-
quinoline or similar soluble chelating substances; the valuable metals
are then recovered after a number of steps which make the overall process
a very expensive and complicated one. The chitosan process, on the
contrary, requi res commonly available chemicals of low price, is a one-
step separation and yields the metals as a dilute sulfuric acid solution
that lends itself to further treatments.

In addi tion to the use of chitosan in the chromatography of inorganic
subs tances, the use of chitosan in connection with ami no acids, proteins
and enzymes and their isolation or recovery is another expanding field.
Lysozyrne is an important addition to the list of enzymes so far treated
on chitin and chi tosan. Lysozyme can be isolated on chi tosan and el uted
with 55 4 of its original activity . The proposed method is an advance
over the current procedures for the preparation of lysozyme, which
involve many chromatographic and sa1ting-out steps followed by desalting
and dialysis.

EVi denCe iS prOduoed Of the peCuli ar CharaCteristicS Of Chi tOSan thin
layers; they are definitely di fferent from ce11ulosic thin layers, as
can be seen from the data presented in this paper and in a previous one
�2!. They have been used to resolve several dyes into their components;
Neutral Red is better resolved on chitosan than on any other support so
far tested, The detection of the E-1 23 dye in mixtures of dyes used in
food techno1ogy is only possible on chi tosan; no sufficient resolution
was obtained on cellulosic and silica gel supports.

Chi tosan finds a distinguished place among the various chromatographic
suppo rts, because it combines in itself several desirable characteristics
which make it unique and versatile.
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calx K

393temp.,'K
173

Figure 2. Differential scanning calorimetry readings for chitosan, chito-
san orthovanadate and DIAl-chitosan, in the temperature range
-100 ' +120'C. Freeze-dried samples. Numbers refer to cycles.
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Figure 7. Inwebilization percent of lysozyme on chitosan. Lysozyse solu-
tion � ml, containing 3 mg! was left in contact within a chito-
san column �.5 g! for 30 min.
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USE OF CHITIN POWDER AS ADSORBENT IN THIN-LAYER CHROMATOGRAPHY

M, Takeda

Food Science and Technology, Shimonoseki University of Fisheries
Yoshimi, Shimonoseki

Japan

ABSTRACT

The applicability of powdered chitin, isolated from king-crab shell, was
examined by thin- layer chromatography . The ability of the chitin layer to
separate mixtures of either phenols, amino acids, nucleic acid derivatives,
or inorganic ions  Cu-group! was almost equal or superior to that of
crystalline cellulose, silica gel and polyamide 1ayers. The developing
time was generally much shorter when operating with the chitin layer than
with other layers.

EXPERIMENTAL RESULTS

Chitin, isolated from the shell of king crab �!, was sifted after
powdering by ball-mill. The chitin layer was a 250 ~ 300 mesh powder.

Se aration of some henols

Figure 92 shows a comparison of the thin-layer chromatograms of some phenols
on polyamide, silica gel, and chitin layers �!. With the chitin layer, a
more satisfactory separation and clearer spots were obtained than with other
layers. Water, as a developing solvent, as we11 as 204 aqueous acetone,
gave good results on the chitin layer.

~Se aration of amino acids

Table 1 shows a comparison of Rf-values of some amino acids on silica
gel �! and on chitin layers �!. On the chitin layer, the basic amino acids
traveled faster, whi'le the acidic amino acids were slower, than on a si lica-
gel layer. This difference might, be due to the basicity of the chitin powder,
the acetamido groups of which were partially deacetylated during the process of
isolation.

The two-dimensional thin-layer chromatogram of the hydrolysate of casein
on the chitin layer is presented in Figure 2.

~Se aration of nucleic-acid derivatives

Figures 3 and 4 ShOw a comparison Of thin-layer chromatogram Of nucleic-
acid bases and nucleosides on chitin and crystalline cellulose layers �!.
On the chiti n layer, nucleic-aci d bases, nucl eosides and nucleoti des generally
traveled faster than on the cellulose layer.
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Table l. A Comparison of Rf'-values of Amino Acids in 1-Propanol/
Water �4:36 w/w! on Silica Gel and Chitin Layers

Rf'-value x100
aRf cAmino acid

Silicus
ge 7' Chitin

aRf'-value relative to the Rf'-value of leucine.
bCele~lated value based on the results by Hrenner et al. �!.

Difference between Rf'-value on chitin and on silica-gel layer,

Se aration of some incr anic ions Cu- rou

Figure 5 shows a com~arison of thin-layer chromatograms of the mixture
of Cu2+, Cd2, Hg2, Pb and Bi3+ on chitin and crystalline cellulose
layers. On the chitin layer, only Cu2+ turned violet; the remainder
turned yellow or brown with potassium-iodide solution.

Figure 6 shows the thin-layer chromatograms of the Cu-group fractionated
from the h~drolysates of oyster and viscera of cuttlgfish. 00 the y!itin
layer, Cd2, Cu~+ and Pb2+  Hg ?! 92n oyster and Cd + and Cu~+  Hg 7!
in cuttlefish viscera were detected, while the cellulose layer had no
separating ability for these fractions.

hi hl deacet lated chi till ceder as cat~smmtertat

The slurry of a highly deacetylated chitin powder, which was treated
with a hot sodimn-hydroxide solution, produced leSs uniform layers than
other coating materials and the thin layers produced cracked during drying
and activation. As a result, our attempts to obtain a thin layer and to
chromatograph on the highly deacetylated chitin powder failed.

Gly
Ala
Val
Pro
Wet
Cys
Asp
Glu
Arg
Lys
His
Phe
Tyr
Ser
Leu

58
67
82
47
93
58
60
64
4
4

36
105
104
64

100

68
76
94
76
95
36
21
33
60
64
73

100
88
71

100

10
9

12
29

2
-22
-39
-31
56
60
37
-5

-16
7
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Figure 1. Comparison of thin-layer chromatograms of phenols on polyamide,
silica gel, and chitin layers, eluting with 20K aqueous
acetone, made visible with diazotized benzidine solution.
1 = Resorcinol, 2 = hydroquinone, 3 = pyr ogal 1ol, 4 = phl orogl u-
cinol, and 5 = mixture,



359

Leu

11e
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Figure 2. Two-dimensional tnin-1 ayer chromatogram of casein hydrolysate
on chiti~ layer, elui.ing with sol vent-I of 1-butanol/acetic
acid/water = 3:1:1 and solvent-11 of 1-propanol/34% aqueous
armenia = 67:33, Casein was hydrolyzed with concentrated
hydrochloric acid for' 19 hours at 120' C in a sealed tube.
Hade visible with ninhydrin-copper nitrate solution.
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Figure 3, A comparison of thin-layer chromatograms of nucleic-acid
bases on chitin and cellulose layers ~ eluting with solvent of
saturated aqueous ammonium sul fate solution/7M sodium acetate/
2-propanol = 40:9;l. l4ade visible by UV light. Abbreviations
of nucleic acid bases: A = adenine, G * guanine, Pi = hypoxanthine,
T = thymine, C = cytosine, U = uracil' and M = mixture.
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Figure 4. A comparison of thin-layer chromatograms of nucleosides on
chitin and cellulose layers, e luting with the same solvent
as in Figure 3. Made visible in UV light. Abbreviations of
nucleosides: A = adenosine, G = guanosine, I = inosine, C =
cyti dine, U = uri dine, and M = mi xture.
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A comparison of thin-layer chromatograms of some inorganic ions
 Cu-group in analytical chemistry! on chitin and crystalline
cell ul ose layers, eluting with sol vent of 1-butanol/1,5H
hydrOchloric acid/acetyl acetone = 100:20:5. Hade visible with
2X potassi ma-iodide solution, ammonia gas, and hydrogen-
sulfide gas �!.
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Figure 6. A comparison of thin-'layer chromatograms of the Cu-group in
hydrolysates of oyster and viscera of cuttlefish, Samples were
hydrolyzed with the mixture of sulfuric, nitric, and perchloric
acids, followed by fractionation with thioacetamide �!. Elutant
and detection are identical to those in Figure 5. Abbreviation
of hydrolysates: 0 = oyste r and C = cuttlefish viscera.
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INSOLUBILIZING ENZYMES WITH CHITOSAN AND CNITOSAN-DERIVED POLYMERS

M.S. Masri, V.G. Randall and W,L. Stanley

Western Regional Research Laboratory
Agricultural Research Service, USDA

Berkeley, California 94710

ABSTRACT

The fixing of enzymi c activity on chftosan matrices by fnsolubi li zation
of enzymes such as lactase and invertase was achieved through several
strategies . In one procedure, chi tosan that has been solubi li zed by
neutralizatfon with dilute acids to about pH 4-5 is mixed with an enzyme
dfssolved in water or a sui table buffer. This is followed by back ti tra-
tion with alkali, in an amount equivalent to the acid used for solubi li z-
ing the chi tosan . The resulting precipitated chi tosan product retains
enzymic activity� . In this procedure, inorganic sulfate can be used in-
stead of alka'Ii to reprecfpi tate the chftosan product, since the sulfate
salt of chitosan is also insoluble in water at ambient temperature  though
soluble fn boiling water!, Alternatively, the chitosan sulfate is first
prepared  from acid-solubi Iized chitosan and inorganic su'Ifate or by
direct titration of chi tosan flakes wf th sulfuric acfd! without the di s-
solved enzyme and then used to ffx the enzyme.

In another strategy the acid solubilfzed chitosan  pH 4-5! fs mixed
with the enzyme solution; then, a difunctional or polyfunctional cross-
linking agent such as glyoxal, glutaraldehyde or solubilized dfaldehyde
starch is added. This results in conversion of the mixture to a gel with-
in mfnutes; the gel then hardens withfn an hour and can be broken into
granular form with retained enzymic activity. The Schiff base polymer pro-
duced in this way can be reduced with sodium borohydride or sodium
cyanoborohydride with r etention of activity . The advantage of reducf ng the
gel is to enhance its conversion to a granutar form and to stabilize the
Schfff base formed. The products obtained are very hydrophilic, retaining
about 85-90% water after being sucked dry on a filter connected to a water
aspirator. The c-amino groups of lysyl residues of the enzyme probably
participate f n the Schiff base formatfon, and thus the enzyme becomes
covalently bound to the crosslfnked polymer, The enzyme can also be fixed
in the polymer, due to physical entrapment or f nterfacfal depos i tfon . A
variation of the above procedure is to fix the enzyme by crossli nking with
dfaldehydes or polyaldehydes on chitosan flakes suspended in water rather
than on solubilized chitosan. Filtratfon through the products formed in
this way is much easier, and the products retain much less water.

INTRODUCTION

The current interest in preparing insolubilized forms of enzymes by im-
mobilizing them on insoluble physfcal supports and the potential industrial
application of such enzyme preparations in food processing or treatment of
food-processing wastes prompted us to explore the potentfal use of chftosan
For insolubilizing enzymes.

Various techniques have been used for i nsol ubi 1 izing enzymes . In one
procedure, for example, the enzyme is fixed to an insoluble support by en-
trapment such as in the formation  polymerization! of polyacrylamfde. In
another, adsorption or ionic interaction of enzymes with a suitable
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insoluble matrix such as ion-exchange resins or alumina is used. A third
procedure fnvolves covalent coup11ng to a reactive group on an insoluble
polyrrmr, such as coupling enzymes to diazoni um salts of polymers or a
Schfff base formation between lysyl res1dues of enzymes and polyamino
polymers �!. Although considerable technological knowledge exists and
advances have been made fn this field, fndustrial app'lication of the
avaflable fnformatfon has been lagging, perhaps because of costs, and, to
some extent, because of the complexity of some reactions and steps fnvolved
in preparation of the products. The Finding of an inexpensive and abundant-
ly available suitable support material and of a simple method of prepara-
tion may stimulate industrial applications.

Chi tosan is an attractive substance from this point of vi ew: it coul d
be considered a waste by-product of fishery operations; it is a renewable
natural resource; and presumably 1t could be made available inexpensively
if sufffcient demand and a large enough market could be generated for its
use . Its high content of functfonal  free amino! groups offers a versatile
chemfcal handle for chemical rnodificatfon, such as in covalent binding to
enzymes or fonfc salt formation   1!. Its content of free amino groups can
be varied by the extent of deacetylation oF its precursor, chitin, with
concomitant change in the resf stance to solubilization in acid media of the
partfally de-acetylated products. Another way in which resistance of
chitosan to solubility in acfds can be increased is to effect partia'I cross-
linkf ng of the chf tosan through some of its ami no groups, We have used such
partially cross11nked chi tosan in enzyme work and toxic metallic fon removal
in experiments operated at acid pH,

The chemistry of enzyme fnsolub1lization has been reviewed �,3!. Chitin
had been used for fnsolubf'11zfng enzymes with glutaraldehyde �!, In thfs
report, we describe some of our experiments exploring the use of chi tosan
for enzyme insolubilization.

EXPERIMENTAL

The chftosan used was from Food, Chemical and Research Laboratories  Seatt'le,
Wlt!. The sample was ground in a Wiley mill to pass through 1 mm screen
and further s1eved to various mesh sizes, 1he major fraction, 30-40 mesh
size, was used in the exper1ments described here. The product had about
9% moisture and ti trated about 4. 5 mi lliequfvalents of hydrogen ion/g to a
pH of about 4.2.

Lactose is a crude acid-tolerant 8-galactosidase from As er illus ~ni er;
it was obtained from Wallerstein Company  Morton Grove, I inois 6005~3 as
lactase LP. Two lots were used: lot 1 hydrolyzed 10 vmol lactose/min/mg
crude enzyme at 40'C in potassium acetate buffer pH 4; lot 2 hydrolyzed
7 umol/mfn/mg.

Invertase is a standardized liquid Sucrovert preparation derived from
yeast, It was obtained from SuCrest Corporation  New York, N.Y.!. The
solution hydrolyzed 6.7 mmole sucrose/min/ml at 40'C at pH 5.

Lactase activity was measured on a shaker water bath at 40'C, with a
0.4M lactose solution in 0.1M potassium acetate buffer  pH 4.0! as substrate.
Usually about 0.2-1.0 g of the chitosan products were used in 25 ml of sub-
strate solution; filtered 1 ml aliquots were withdrawn at different time
intervals to determine the rate of glucose production during incubation.
Glucose was measured by the glucose oxfdase-chromogen procedure. It was
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supplied by Worthington 8iochemical Corporation   Freehold, New Jersey! as
Glucostat. Clinistix reagent strips  Miles Laboratory, Elkhart. Indiana!
were also used for semi-quantitative measurement of glucose in exploratory
tests.

Invertase activity of products was measured frorrr the rate of glucose
formation in the batch i ncubati on mixture, in a way simi I ar to lactase at
40'C, with 0.1M sucrose in 0.1M phosphate buffer pH 5.0 as substrate,

Pre aration of insolubili zed enz es

Essentially, the following three strategies were tried for i nsolubi liz-
ing lactase and invertase on chitosan:

1. Entrapment and adsorption by the precipitation of solubilized
chi tosan: In this method, chitosan is fir st sol ubi li zed with acetic acid
or hydrochloric acid  M-5 rmM1/9! to about pH 4.5. The enzyme dissolved
in a small volume of water is then mixed with the chitosan solution; this
is followed by back titra tion of the acid used with alkali, which causes
the chitosan to preci pi tate, entrapping the enzyme, The ionic and adsorp-
tive binding of the enzyme to the chitosan matrix may also take place.
Alternatively, instead of back titration with alkalis an equivalent amount
of inorganic sulfate �-2.5 rmnol/g chitosan! could be used to effect pre-
cipitationon of the chi tosan as the sulfate salt. Since this salt is i n-
soluble in cold water and only with difficu'Ity soluble in boiling water,
it starts precipitating as a gel upon cooling to about 50'C .

A variation of this method using sodium sulfate for precipitation is to
prepare the chitosan sulfate first in the absence of the enzyme; dissolve
the sulfate salt in boiling water; cool it to about 50'C; add the enzyme
to the cooling chitosan sulfate, which is starting to precipitate; and then
chill the mixture rapidly to avoid heat denaturation of the enzyme,

Another variation of the sulfate-salt method is to prepare the chitosan
sulfate by direct titration of chi tosan flakes with the requisite amount
of di lute sulfuric acid  about 2 rrmrol/9 chitosan! to about pH 4,2, in the
presence of the enzyme. Alternatively, the chitosan sulfate flakes can be
prepared in the absence of the enzyme, washed with water, and then used to
fix the enzyme by contacting the flakes with the enzyme dissolved in a
sui table buffer, as in the following example:

Example 1. lo 10 g of air-dried chitosan flakes �0-40 mesh!
was added 250 ml of 0.1M H2504 for an hour with stirring. The
treated flakes  Chitosan Sulfate! were fi 1 ter ed, washed with
water, and air dried to give 12.9 g of product. Then 2.0 g of
this chi tosan sulfate product was contacted with a mixture of
10 ml of water plus 0.2 ml of the stock Sucrovert solution f' or
an hour. The mixture was then filtered, rinsed thoroughly with
distilled water  on'iy!, and air dried.

2, Fixing enzymes by crosslinking chitosan solutions: A second strate-
gy of fixing lactase and i nvertase to chi tosan involves dissolvr'ng chito-
san in acetic or hydrochloric acid to pH 4.2 to give about 2X solution of
chitosan. The enzyme dissolved in a small volume of water is then mixed,
and thi s is followed by the addition of a crossli nki ng agent such as
glyoxa 1 dialdehyde starch  DAS ! or glutaraldehyde  GA!. A gel forms, which
has retained activity and could be used in this form or, after reduction
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with sodium borohydride  reduction of the Sebi ff base polymer produced by
the reaction of these aldehydic reagents with the amino groups of
chftosan!, the gel gives a granular polymer with improved filterability
and retained enzymic activity, The following examples are illustrative of
this method,

Example 2. Chitosan � g! was suspended in water �20 ml!;
1N HC1   30 ml ! was then added . To the dissolved chi tosan
hydrochloride solution, lactase �.5 g of lot 1 dissolved in
50 ml of water! was added. The mixture �0'C! was stirred on
a magnetic sti rr er for 5 mi nutes, Then 7 g of DAS that had
been solubi lized in 100 ml of water plus 2.5 rmnol sodium car-
bonate was added to the chi tosan-enzyme mixture. The DAS solu-
tion was at pH 7. After 10-15 minutes, the mixture became a
thick gel; after about 30 minutes it was broken into a granular
product in a Warfng blender. A small sample was removed to test
for actfvfty  qualitatively, with Clinistix reagent strips!
after thorough washing with saturated KCl, phosphate buffers
 pH 7 and 4!, and distilled water. The sample, which was active,
was then returned to the blender. The mixture in the blender
was cooled to 10'C, and 2 g of sodium borohydride dissolved fn a
small volume of water was added while the mixture was being
blended. Treatment with the borohydrfde caused rapid and notice-
able shrfnkage of the gel and the release of the liquid from the
gel, whi ch became an easily filtered and very granular resin .
The polymer was washed with water, saturated KC1 and phosphate
buffers  with soaking! and finally washed with distilled water.
It was then filtered with suction on a coarse-sintered glass
funnel connected to a water aspirator. The filtered moist
product had about 90K, water and was stored i n this condition,

Example 3. A similar experiment to that described in Example 2
was performed, except, that glyoxal was used in place of DAS for
crosslinking. Specifically. the differences were that 30 ml of
a 30K glyoxa 1  in H20!, 1 g crude lactase   lot l!, and 5 g
sodium borohydride were used . The filtered moi st product also
contained about 85-90% water.

Example 4. Lactase was insolubilized as in Examples 2 and 3,
but glutaraldehyde was used for crosslinking. In a typical
experiment, 2. 4 g of chi tosan was dissolved in 5 ml of 2' acetic
acid plus 120 ml of 0.1Y sodium acetate buffer of pH 5.4  the
final pH of the solubflized chftosan was also 5.4!. Lactase
�20 mg, lot 1! in 10 ml H20 was added and mixed followed by the
additfon of 275 mg glutaraldehyde in 150 ml of water. Sodium
borohydride  l00 mg! was used to reduce the Schiff base polymer.
The washed moist polymer had about the same water content as the
QAS and glyoxal products.

Example 5, The procedure of Example 4 was followed exactly,
except that yeast invertase � ml Sucrovert. solution! was used.
Again, about the same water content was obtained in the filtered
moist product.

3. Insolubili zing enzymes by crosslinkfng insolubilized chitosan: In
this preferred method, chitosan flakes are first partially crosslinked
 for example with GA! without dissolving them fn acid. To a suspension of
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chitosan Flakes in water, GA 1s merely added for an hour; the flakes are
then washed and are ready for use to fnsolubilize enzymes. The reaction
of GA with the chitosan flakes is rapid and complete  as reflected in
grav1metric measurements, nitrogen analys1s and change of solubility
properties of the treated flakes!. The amount of GA can be selected to
crosslink any fraction of the potential free amino group content of the
chitosan  about 5 meg/g!, In the present experiments, the product used
was prepared by adding 1.4 rrmrol GA/g chitosan. The product, unlike
chitosan itself, was insoluble 1n acid1c water. Preparat1on of the product
and its use for insolubilizing lactase and invertase are described in the
fol 1 ow1ng examp1 es.

Example 6. To 300 g of afr-dried chi tosan �0-40 mesh! was
added a mixture of 150 ml of a 25% GA  in water! and 1200
ml of water at 20'C for 'I hour w1th occasional stirring.
The mixture was then filtered; washed with water, methanol
and ethyl ether; and air dried to give 342 g product
 designated CHT-GA!. It contained 6 .56% M  on about 9%
moisture-content basis! compared to a correspondi ng value
of 7.37% N for the starting chi tosan  also 9% moisture!.

To 5 g of the CHT-GA suspended in 100 ml of 0.2M sodium ace-
tate buffer  pH S.O! at 20'C was added 1 ml of the stock 1n-
vertase solution  Sucrovert! . The mixture was stirred for a
few minutes on a magnetfc stirrer before 1. 9 ml of a 25% GA
solution was added, drop by drop, while stfrring. After 1
hour the flakes were filtered; washed thoroughly with water,
saturated KC1 and 0.2M acetate buffer  pH 5!, then with dis-
tilled water; and air dri ed to give 6 . 2 g of pr'oduct.

Example 7. This experiment was similar to that of Example 6,
except that only 0.38 ml of the 25% GA solution was used to
fix the invertase � ml Sucrovert! to 5 g of CH'T-GA. The
yield was S.5 g of air-drfed product.

Example 8. Here, experiment of Example 7 was repeated, ex-
cept that only 0. 08 ml of 25% GA was used  diluted with a
small volume of water! . The air-dr1ed product weighed 5 . 27 g,

Example 9. To test whether the addition of the small amount
of GA was necessary at all to fix the enzyme to the CHT-GA
product, we vepeated the experiment of Example 8, except that
we omitted the addft1on of 0.08 ml GA. The product of this
experiment weighed 5. 13 g.

Examples 10-13. These represent four parallel experiments
analogous to those of Examples 6-9, respectively, except that
in each example, 0.5 g lactase  lot 2! was used instead of
invertase. The air-dried products we1ghed respectively:
6.02 g, 5.69 g, 5.27 g and 5.44 g.

RESULTS

The chi tosan sulfate-invertase product of Example 1 hydrolyzed sucrose
at an initial rate ot 98 rrmol/min/g  retentfon of 15% of added activity!.
The fnvertase activity, however, waS not firmly bound, and the enzyme
leaked f nto the incubation medium  see Discussion!. The initial rate was
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determined by measuring the rate of glucose production from measurements
taken afte~ short incubation periods   3 and 5 minutes! .

The hydrolytic activities of the enzyme-chitosan products that were
prepared by crosslinking solutions of chitosan in the presence of lactase
or inver Case, using DAS, glyoxal or GA, are shown in Table 1  Examples
2-5!.

Table 1. Lactase  or Invertase! Activities of Polymers
from Crosslinking Chitosan Solutions with
Aldehydic Reagents in the Presence of Enzymes
 measured by the rate of glucose formation
from lactose or sucrose substrate!

~ed gl ee
M C P r ~def ddedCrosslinkerE nzne~Exam le

Moist products contained 86-90% water, Activities were measured at
40'C at PH 4 for lactase and pH 5.0 for invertase. 1 ml aliquots were
withdrawn  filtered! at measured intervals and glucose content determined.

Lactase
Lactase
Lactase
Invertase

DAS
Glyoxal
GA
GA

21.3
43.0
31.0
48.0

59
76
70
14
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Invertase or lactase activities of products that. were made from insolu-
bi li zed chi tosan flakes treated with GA before and after they were contac-
ted with the enzymes  Examples 6-9 with invertase and 10- 13 with lactase!
are shown in Tab'Ie 2.

Table 2, Invertase   I! and Lactase  L ! Activities by
Insolubilizing Enzymes with Different Amounts
of GA on Chitosan Flakes that Were also
Pretreated with GA

ount o se
after Contacting
Enzyme with 5 g

Pretreated CnitosanExample
a~ad Enz nn Loadi ncp

*0.2 to 0,4 g air-dried products incubated at 40'C with 25 ml of 0.1M
sucrose in phosphate buffer  pH 5.0! or 0 4M lactose in 0,1H potassium
acetate buffer  pH 4.0!.

DISCUSSION

In our experiments, we tried three approaches to insolubiiize enzymes on
chitosan, These were  a! entrapment and ionic adsorption by precipitation
of solubilized chitosan in the presence of dissolved enzyme by a'Ikali or
inorganic sulfate;  b! crosslinking solutions of chitosan containing dis-
solved enzymes; and  c! partial crosslinkinq of native  unsolubil ized!
chitosan flakes with GA before and after contacting the flakes with dis-
solved enzyme. Of these three approaches, the first was the least attrac-
tive, since the products obtained by precipitation had very poor filter-
ability and appeared gelatinous. It would be difficult to wash unbound or
unencapsulated enzyme from such preparations, but qualitative tests indi-
cated retention of enzyme activity. The products were not further charac-
terizedd.

The potential use with enzymes of the sulfate salt of chitosan, as pre-
pared from the native flakes by direct titration with dilute sulfuric acid
rather than from chitosan solutions plus inorganic sul fate, however, still
appeared plausible. First, fi1terability would not be a problem; second,
the intricate u1trastructure of native chitosan flakes and the large in-
ternal surfaces and spaces of this microarchitecture appeared potentially
conducive to sequestering or binding the enzyme  see Masri and Jones, these

E Id!
8  I!
9  I!

10  L!
11  L!
12  L!
13  L!

1.9
0.38
0.08
0.0
1.9
0.38
0.08
0,0

39
276
206
183

17
27

190
262

3.6
23.2
16,0
14.2
2.8

29. 0
40,0
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Proceedfngs!; and, third, the bound or entrapped enzyme could conceivably
become stabilized and locked fn the chitosan matrix by the potential ionic
cross'linking of adJacent polysaccharide chains  by the d1valent sulfate
ion through salt formation with amino groups of the chains!. Some of our
exploratory experiments also suggested adsorptive or ionic affinity of the
proteins to the polyamino polysaccharfde. Results with the chftosan
su'1 fate-invertase product of Exarrple 1 showed that an appreciable amount
of invertase was bound to the raatrix, based on the initial rate of sucrose
hydrolysis measured at short intervals after the start of incubation
 presumably to minimize the effect of leakage!. The initial rate was 98
umol sucrose/min/g, representing 155 of the added activity, The enzyme
leaked fnto the medium, however: with longer periods of incubation, the
rate of glucose production appeared to rise. When portions of the ali-
quots that were withdrawn for the rate measurements were not boiled im-
mediately after withdrawal  to inactivate any enzyme that might have
leaked!, but were left at 20'C for 1-3 hours before their glucose contents
were determined, very much higher glucose values were obtafned,compared to
values wfth corresponding portions that were bo1led. In fact, almost all
the available substrate was hydrolyzed with some of the unboiled samples,
Initial trials i nd1ca te that the adsorbed enzyme could be fixed to the
chitosan-sulfate matrix with GA to prevent leakage. Furtherraore, the
chitosan-sulfate flakes without GA may be useful for enzyme isolation and
purification.

The second approach we used of insolubilizi~g enzymes by cross11nking
chitosan solutions yielded satisfactory products which filtered well and
had relatively h1gh activities, despite the high water content  Table 1!,
and the activity was firmly bound. It is likely that the enzyme fn these
preparations is bound not only by entrapment and adsorption in the gel but
also by covalent coupling. The free r.-amino groups of lysyl residues of
the enzyme probably particfpate in the crosslinking through Schiff base
formation with the aldehyde reagents. This participation leading to cova-
lent binding of the enzyme to the Schiff base polymer is diagrammatically
depicted in Figure l.

There are two main d1sadvantages, however, to this procedure . First,
the hi gh water content of the polymers may not be desirable; second, the
preparation of the products requires solubf li zing the chi tosan to give
acidic solutions of about pH 4.2 to which the dissolved enzyme must be
exposed. This acidfc pH fs not compat1ble wfth many enzymes and may cause
their inactivatfon.

The third procedure of fixing enzymes on unsolubi11zed ch1tosan flakes
with GA is the procedure we prefer. Relatively high specific activities
can be achieved by appropriate control of the amount of GA used after con-
tacting the dissolved enzyme with the partially pre-crosslinked chitosan
flakes  Table 2!. Couplfng of the enzyme to the matrix can be carried out
at a pH to which the enzyme is stable. The products are easy to handle,
have excellent filtering properties, and can be air dried. In additfon,
the native physical structure and microarchftecture of the chi tosan re-
ferred to ear'lier are essentially preserved fn the products.

The sensitivity of the enzyme acti vi ties i n the products to the GA added
in the procedure is striking; it may be different for different enzymes.
Evidently the high reacti vity of GA with the protein and the large differ-
ences in molecular weights of the reagent and the protei n are responsible
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for this sensitivity. Very likely a greater extent of cross!inking by GA,
though favorfng firmer attachment of the protein to the matrix, may also
cause excessive crosslinking of the enzyme to itself and to the matrix,
thereby masking and 'fimiting accessibility of the active sites and move-
ment of the substrate and products to and from the sites. The optimal
extent of crosslinking  namely, the greatest possible for maximal fixing
without serious loss of activity!, however, can easily be determined
experimentally for specific cases.

Experiments of examples 9 and 13 show that the partially crosslinked
CHT is itself suitable for coupling enzymes without further addition of GA,
merely by contacting the enzymes with the CHT-Grrj product. This is not
surprising, since the CHT-GA product would be expected to contain free
aldehyde groups produced by some of the GA originally added, The fact
that t' he precrosslinking of CHl was carrfed out in a two-phase manner
 solid CHT and dissolved GA! enhances the probability of the one-
point attachment. The content of free aldehyde groups in CHT-GA was
apparently sufficient to be effective for coupling lactase  Example
13! and, to a lesser extent, invertase  Example 9!.

In all our experiments, we intentionally used relatively high enzyme
loading  f.e., initial dissolved enzyme added/g chitosan! to obtain pro-
ducts with high specific activities, and the percent of added activity re-
tained on the polymers should be viewed in this light. For potential
practical application, a high specific activity is desirable if not a
prerequisite. The following example fllustrates this point. The experi-
rnents of Examples 8 and 10 were repeated, but this time using double the
amount of enzymes. The resulting products had specific activities compar-
able to those of the parallel examples �83 umol sucrose/min/g, and 16 umol
lactose/min/g!. We have not determined the minimum ratio of enzyme to
matrix loading beyond which no improvement of specific acti vfty could be
realized. Another illustrative point is that in some tests the mother
liquors from enzyme-coupling reactions retained appreciable activities that
could be f'ixed on fresh batrhes of chitosan matrices,

Although in the main we used lactase and invertase as models fn the ex-
periments reported here, we have also tried a few experiments of fixing
other enzyrxes such as glucose oxfdase and horseradish peroxidase using GA
pretreated chitosan flakes, and the products were active.

In conclusion, our studies of frrnrobflfzfng enzyme on chftosan matrices
point to two promising procedures. They employ relatively inexpensive and
readily avaflable reagents and materials, mild conditfons and simple
methods of preparation, The insolubflfzed enzyme-chftosan fflter easily,
and a relatively high specific acti vi ty can be attai ned in the products,
The procedures are applicable to i nsolubf li zing enzymes in general at wide
pH ranges . It is hoped that the simplfcf ty and versatility of the methods
and the low potential cost and satf sfactory properties of the f mmobf lf zed
enzyme products will stimulate interest for industrial applfcatfon. The
present experfments warrant further study of the products of the two pro-
cedures to evaluate their behavior under actual-use conditions and in con-
tinuous operation with media of various pH, ionic strength and composition.

In one procedure, a solution of chftosan plus an enzyme is treated with
a crosslinkfng agent to gfve a gel polymer with retained enzyme activity,
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which is very likely bound covalently to the polymer. With this procedure,
acidic pH is required  which may not be suitable for some enzymes! and the
hydrogel products have high water uptake, although this does not appear to
interfere with their use.

In a second procedure, chitosan flakes are first treated to effect par-
tial crosslinking of the chitosan in the solid state without dissolving
the flakes. The treated flakes are then used to couple enzymes at suitable
pH's merely by contacting them with solutions of the enzymes followed by a
further addi tion of a small optimal amount of the cross linker, thereby fix-
ing the enzymes to the flakes. Throughout this procedure the flakes remain
undissolved even if coupling is done in acid media, since the preliminary
cross linking renders them insoluble even in acid . Thus a wide pH range best
sui ted for a particular enzyme can be used . Rendering the flakes insoluble
in this way also preserves the desirable original native physical structure
and ul trastructure of the chitosan . The enzyme-chi tosan products obtain-
able with this procedure have high specific activities, excellent filtering
properties, low water uptake and can be air dried for ease of handling and
storage.

The resistance to solubility < n acids of the partially cross linked chi to-
san flakes suggests their use in other applications, including the reroval
of toxic metallic ions from acidic waste effluents  see Masri and Randall,
these Proceedings!.

Finally, ionic binding of enzymes to chitosan sulfate suggests its use
for enzyme isolation and purification.
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Figure 1. Crossl inking chitosan by polyaldehydes in presence of
lactase.
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ABSTRACT

Wheat-germ agglutinin  WGA ! is a protein capable of agglutinating ery-
throcytes and other types of cells, especially tumor cells. The agglutina-
tion can be inhibited by N-acetylglucosami ne  GlcNAc! and by chitin oligo-
merS [ll l&!-linked  GlCNAC!Z 3 4 ... ] whi Ch exhibit even higher inhibitOry
activity. The ability of WGA to bind GlcNAc and chitin was used for the
purification of the agglutinin by affinity chroma tography on columns of a
Sepharose-bound GlcNAc derivative or on ground chitin.

The purified WGA, when excited at 280 nm, presents a typical tryptophan
fluoresence-emission spectrum centered at 34B nm. The addition of GlcNAc
or chitin oli gomers enhances the protein fluorescence i ntensi ty, and this
alteration in fluorescence was used to meas ure the binding affi ni ty of the
chitin oligomers to WGA by spectrofluorimetric titrations. The binding
constant was found to increase wi th oligomer length up to the tetramer.

The ability of WGA to interact with polymers that. contain GlcNAc resi-
dues was studied by employing microbial cell-wall components. WGA binds
and precipi tates wi th soluble bacterial cell-wall peptidoglycan and
teichoi c acids, It also binds to and aggl uti naies bacteria that carry
GlcNAc-containing polymers on their s urface, Studies on the bi ndi ng of a
fluorescent WGA derivati ve  FITC-WGA ! to fungi demonstrate that the agglu-
tinin binds almost exclusively to hyphal tips and septa of chitin-containing
fungi  e.g ., Tr ichoderma vi ride� !, Studies with radioactive chi tin-precursors
indicate that WGA binds to the sites where chitin is intensively synthesized.
The patter n of bindi ng of FITC-WGA i ndi cates that chitin is exposed in the
tips and septa . Binding of WGA inhibits the incorporation of precursors
into chitin, and, as a result, the extension of hyphae and germination of
spores are inhibited,

Binding of F!TC-WGA to hyphal tips and septa of isolated mycobionts
 I i chen fungi! suggests that they may contai n chitin in their cell walls and
that it is exposed at the same sites as in free living chitin-containing
fungi.

INTRODUCTION

Lectins are proteins or glycoproteins that bind mono- and/or oligosac-
charides with great specificity . The use of lect ins for i nvesti gati ng
structural and organizational aspects of carbohydrate-containing cell
surface-membrane components of animal cells is very well documented �8,31!.

Many lecti ns agglutinate bacteria and precipitate with bacterial polysac-
charides. Sumner et al . �2! observed agglutination of Mycobacteria by
concariavalin A  ConA!. This agglutination was a result of the interaction



376

of ConA wfth an arabinogalactan present on the mycobacterial walls �3!.
ConA also precipitated with the polyglycasyl glycero] phosphate teichoic
acid from Bacfllus subtilis �0!. A lectin from snail  Helix fbomatia!
p ectpit tatte ipopotysacchartdes of ro gh utants of Salmonella t himurium
ftyt, streptococcal g oup-c polysaccharide, and the teelcloic acid o
Sta h lococcus aureus 3528 �6,16!. Phytohemmagglutinin �4! and soybean
agg ut nin 7 hahve heen shown to bind specifically to those Rhizobia that
participate in symbiotic relationship with the plants from which these lec-
tins were purified. These lectins interact with isolated 0-antigen-contafn-
ing lfpopalysacchar des o~ their symbiant Rhizobia �3!.

Very few studies on the interaction of lectins with fung1 have been re-
ported. Spores af Fusarium roseum and F. so lani were agglutinated differ-

tially by seueral~ect s rrgg Spur s ~o~ge toc stis f' b inta we e
agglutinated by various host-plant extracts in a specific pattern, which
suggested the possible involvement of the spore agglutinating factors
 assumed to be lectins! in establishing host specificity �1!,

We have investigated the interactions of wheat-germ agglutinin, a 1 ectin
specific for N-acetylglucosamine residues �,8!, with chitin oligomers,
bacterial cell-wal'1 polysa cchari des and thei r cons ti tuents, as well as with
intact bacteria and fungi �2-26,30!. Here, we present the results of our
invest1gat1ons as well as of subsequent recent studfes. All these observa-
tfons point out the specificity of the 1 nteractiars of WGA with GlcNAc-
containing po'lymers in solution or on i ntact cells and suggest the use of
this lectin for locali zat1on of such polymers, especially chiti n on mi cro-
bial cell walls,

Su ar-bindin ro ertles of wheat-rlerm ~a 1 tt

N-acetylglucosamine and its aligosaccharides have been shown to inhibit
agglutination of cells by WGA �,8!. 1t was co~eluded that WGA is capable
of binding these saccharides. We have used this property for the purifica-
tion of WGA by affinity chromatography on an frsmrobi 1 ized Gl cNAc-derfvati ve:
the 2-acetamido-N- c-amf nacaprayl !-2-deoxy-8-gl ucopyr anasylamine-Sepharose
�2,23!. Since WGA binds chitin oligomers, it was passible to purify it on
a column of ground chitin � !.

Chitin oligomers were much more potent i nhibi tors of agglutination by
WGA than the monosaccharide GlcNAc. Allen et a 1. �! proposed that the
saccharide binding site in the lectfn may be composed of several subsites,
simflar to what has been found in lysozyme. The binding of chitin oli-
gomers to lysozyme induced changes in the protein fluorescence, and a
method was developed to measure association constants by spec trofluorimetri c
titra tions  9!. We attempted to apply a similar procedure, because of the
simf larity to lysozyme, in order to f nves ti gate the interacti on of WGA with
chitin oligomers.

WGA contains 3 tryptophan residues per subunit, and, upon excitation at
280 nm, the agglutinin presents a typ1cal tryptaphan fluorescence centered
at 348 nm. As can be seen in Figure 1, the additfon of GlcNAc increases the
fluorescence. Chitotriose  GlcNAc!s fnduced a higher enhancement of fluor-
escence and a shift of 7 nm ta a lower wave length. These results are
probably due to changes fn hydrophob1cfty near one or more of the tryptophans
or to conformationa 1 changes induced by sacchar1de bi nd1ng. Measurement of
changes in WGA fluorescence induced by increasing quantities of various chitin
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a11gomers allowed calculation of the corresponding association canstants
presented in Table l. The binding affini ty incr eases with the chain length
up to the tetramer, suppart1ng the suggesti on that the sugar-binding site
in WGA is extended and comprised of 3 to 4 subsi tes   I!, Equi librium
studies using chi tatetraose reduced by sodium [ sN]borohydride demonstrated
the presence of 2 saccharide-binding sites per subunit �9!. Since WGA is
composed of two subuni ts �7!, the native molecule possesses 4 binding
sites, Loss af saccharide-binding and cell-agglutinating activities by WGA,
in which tryptophan residues were oxidized with N-bromo-succinimide, indi-
cates that in each binding site there is one tryptophan resrdue d1rectly in-
volvedd in sugar bi nding �0 !,

Table 1, Association Constant.". and Free Energy of Associat1on oi'
Chitin 011gomers with Wheat-Germ Agglutinin Determined
by Fluorimetric Ti tr<rtions

4
10 x Ka

 liter,'mole!
- aFa*

 K cal/mole}Saccharide

 GlcNAc


 GlcNAc!q

 GlcNAc!v

 GlcNAc!s

1.3 5,6

2,2 5.9

3.6 6.2

6.13.2

* Calculated from the relationship aF' = - RTln Ka

Interaction of wheat- erm a lutin1n with isolated bacterial cell-wall
~ol ears

We have isolated a soluble farm af peptidoglycan from a medium of cultures
of H1crococcus luteus grown in the presence of penicillin G, Polyribitol
ph s~pate te oh~ac acid, either s petit ted ith Giclihc residues o aoo-
glycosylated, was isolated from cell walls of S. aureus H and S. aureus 52A2,

Cell walls of both gram-negative and gram-positive bacteria contain a com-
mon constituent, peptidaglycan, which consists of linear polysaccharide
strands composed of repeating units of a disaccharide N-acetylglucosamine
and N-acetyl muramic acid  MurNAc!. The latter residue is usually substitu-
ted with peptide units through which the polysaccharide strands are
crosslinked. Gram positive bacteria also contain one ar more heteropoly-
sacchari des, which are usually attached by covalent linkages to the glycan
strands of the peptidoglycan. Most prominent among these are the teichoic
acids, which are polymers of ribitol or glycerol phosphate linked by phos-
phodiester bonds. In these polymers the hydroxyl groups of the alcohol are
often substituted by one ar more g1ycosidically 11nked monosaccharides
 e.g., glucose or GlcNAc!.
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respectively. The interaction of WGA with these polymers was studied
directly, by testing the ability of the lectin to precipitate the polymers,
and indirectly, by measuring the ability of the polymers and their lower
molecular weight constituents to inhibit the hemagglutinating activity of
WGA. We found that WGA precipitated only polymers that contain GlcNAc
residues, such as the soluble peptidoglycan from M. luteus and the
GlcNAc-containing teichoic acid of S. aureus H, whereas the teichoic acid
of S. aureus 52A2, whi ch is devoid of GTcCN Cc res i dues, was not preci pi ta-
ted �~5 . Hapten inhibition of polymer precipitation and of hemagglutina-
tion by WGA indicates that both activities are mediated via saccharide
binding, since they can be Inhibited by GlcNAc, chitin oligomers and by
GlcNAc MurNAc and its dimer  Tab Ie 2!. These experiments also demonstrated
that, based on their molar content of GlcNAc, the soluble bacterial
cell-wall polymers are much better inhibitors than  GlcHAc!q or
 GlcNÃc MurNAc!q.

Interaction of wheat- erm a lu ti nin with intact bacterial cells

Agglutination of' animal cells by lectins is a result of the binding of
ihe lecti ns to cell-surface glycoprotei ns . Since WGA was found to bind
certain bacterial cell-wall polymers, Its ability to agg'Iuti nate bacteria
was studied. As shown in Table 3, WGA agglutinates bacteria that are
"coated" by polymers containing GicHAc residues, hut does nat agglutinate
cells of S. aureus 52A2, an which the teichoic acid is devoid of GlcNAc
residues and apparently hinders access of WGA ta the underlying
GlcHAc-containing peptidoglycan. Cells of E. co'li PAT 84, which are rapid-
ly agglutinated by WGA, were chosen to demonstrate the bi nding of fluores-
cein isothiocyana te-labeled WGA  FITC-WGA!, since the cells, when grown at
42'C, do not divide, but instead form long filaments which are large enough
to be observed clearly in the fluorescence microscope  Figure 2!. The
binding to and agglutination of the E. cali ce11s by WGA strongly suggest
that WGA can interact with cell-wall lipopolysaccharides, which are known
to contain GlcNAc residues �8!. To test the effect of WGA on the growth
of the agglu ti nable bacteria, they were grown in the presence of WGA
�.5 mg/ml ! . No inhibition of the bacteri a could be observed .

Interaction of wheat- erm a luti nin with fun i

Since WGA binds chitin oligomers as well as chitin   1, 6,8 !, the binding
of the lecti n to fungi having chitin in their ce I 1 walls was i nvesti gated,
The Deuteromycetes Trichoderma viride and F, solani that belong to fungal
group Y �!, all of which have chitin-glucan cell walls, were used.
F[TC-WGA was found to bind to hyphal tips and to septa, whereas very little
binding at other parts of the hyphae occurred  Figure 3!. The binding was
specific and could be inhibited by  GlcNAc!q. There was no binding to
isypha of ~oh to hthofa ~to hthofa, which does ot c mtai ochitnin.

In fungi with chitin-glucan hyphal walls, hyphai extension and septa
formation involve the synthesis of chitin �1!, short pulse labeling of
T. viride colonies with [3H]acetate followed by autoradiography revealed
that the radioactivity was localized in the hyphal tips and septa  Figure
4 A! as origina'Ily reported by Galun �1!. Since these sites of chitin
synthesis are exactly those where FITC-WGA was found to bind, we concluded
that the chitin in those regions is not covered by glucan and therefore is
accessible to WGA. Binding of WGA prior to labeling with [sH!acetate
markedly inhibited incorporation of the precursor into the hyphal tips
 Figure 4 8! and prevented extension of the hyphae �6!.
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Table 2. Inhibitory Effect of Various Saccharides and Cell-Wall
Polymers on the Hemagglutinating and Precipitating
Acti vi ti es o f WGA

Precipitation is that, of the teichoic acid of S. aureus H, and agglutination
is that. of trypsinized rabbit erythrocytes. For compar ison, the concen-
tration of inhibitors was normalized to their molar content of GlcNAc.
For relative inhibitory activity the hemagglutination inhibitory activity
of GlcNAc was taken as 1. Apparent Ka was calculated from the relative
inhibitory activity using the Ka for  GlcNAc! s  Ka = 2.2xl0'M-'!, which
was determined by spectrofluorimetric titration.

Concentration  mM! Required
for 50K Inhibition of Re 1 ati ve

Inhibitory 10 " x Ka
Activi t liter/mole

Preci pi-
tation

Aggluti-
nationCom ound

 OX at 300 mM!  OS at 300 mM!Ribi to 1

MurNAc  OX at 300 mM!  OX at 300 mM!

GlcNAc �0K at 3DO mM! 0.00675

0.31.5 50

235 1.40.321.2

2,20.21 3600.22

0.012 6,250

21,400

Linear peptidoglycan n.t.

130Teichoic acid
 S. aureus H!

0.0035

Table 3. Interaction of Wheat-Germ Agglutinin with Bacterial Cells

WGA Concentration  ug/ml !
a

Required for 50%
A 1 utinationBacterial Strain Pol mer in Cell Wall

48S. aureus H

S. aureus 52A5

S, aureus 52A2 Nonaggluti nable
at 512

32M. luteus
NNN C 2665

E. coli PAT 84 24lipopolysacchari de

aBacterial suspensions were incubated with varying concentrations of WGA,
and the agglutination was determined from the decrease in the absorbance at
580 nm. The values represent the concentration of WGA that caused 50% of
the maximal reduction in absorbance,

Gl cNAcMurNAc

 GlcNAcMurNAc!z

 GlcNAc!s

Gl cNAc-containing tei choi c ac i d
peptidoglycan

peptidoglycan

GlcNAc-deficient teichoic acid
peptidoglycan

pep ti dog 1 yean
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The germination of spores involves emergence of a hyphal tube and in-
tensive chitin synthesis in the tip of that tube �!. Incubation with WGA
inhibited gevmi ation oi ~virid spore;  pgl. ire effect is p obabiy due
to binding of WGA to the tip of the emerging hyphal tube rather than to the
spore coat, since no binding of FITC-WGA or agglutination of the spores was
observed. Kleinschuster et' al. �0! also reported that there were no re-
ceptors for WGA on spores of F. solani, hut trypsinization exposed such
receptors,

Recently, Galun et al. �2! and Barkai-Golan et al, �! extended our
studies to other fungi and other lectins. Penici ilia and Aspergilli con-
tain chitin in their cell walls. FITC-WGA was bound to young hyphal walls of
such fungi, especially to the hyphal tips and septa. WGA inhibited incor-
poration of [sll]acetate into young hyphae of As er illus ochraceus, and
germination of the spores was also inhibited 2 . Binding of FITC-WGA to
hyphal tips and septa of mycobionts isolated from the lichens Kanthoria
garietlna, Tornabenia i ntricata and Sarco~ne sp ., as well as incorporation
WoT~II g cppc i to these egions durvng sho t-p ise labeling, suggested
that chitin may be a constituent of the mycobionts' hyphal wall �2!.

A different approach to localization of receptors for WGA was reported
by Horisberger et al. �9!. They prepared gold granules 'iabeled with WGA
and used scanning electron microscopy to detect binding of WGA to
~saccharom ces cerevisiae. ho binding was obce ved prie to treatment oi
the yeast with o-mannanase. After such treatment., gold granules were ob-
served exclusively on bud scars, on the mother cell-bud junction and on
the bud, all of which contain chitin �!.

CONCLUSION

We have demonstrated that binding of WGA to microbial cells and cell-wall
polymers is specific and mediated via its affinity for Gl cHAc; it is even
more so for polymers containing numerous GlcHAc residues in either hetero-
or homopolysacchari des . Thus the binding of WGA to microbial cells may in-
dicatee the presence of GlcNAc residues exposed on their cell walls .

Binding to fungi, where GlcNAc is predominantly found i n chitin, may
demons trate the presence of chi ti n. The specific bi nding of WGA or other
lectins to microbial cell walls may provide preliminary information on the
nature of saccharides on cell walls even prior to the more time-consuming
chemical analyses which require larger amounts of cell-wall material.

Since plants and bacteria do not contain chitin, FITC-WGA may be used for
specific identification of chi ti n-containing fungi in biological material,
e.g., in cases of plant infection by phytopathogenic fungi that contain
chitin on their cell walls.
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Figure 1, Fluorescence emission spectra of WGA �0: g/mlj
and of its complexes wi th saccharides. The meas ure-
ment was at pH 6.4 in 0.1 M sodium phosphate buffer.
Excitation wavelength was 280 nm.

Figure 2, Microscopic appearance of the binding of F1TC-WGA
to cells of s, 007i PAT 84.
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Figure 3. Microscopic appearance of T. virile hyphae treated
with FITC-WGA. Binding to hyphal ti ps  A!, to
septa  B!.

 A!

Figure 4, Microautoradiographs of l'. virid@ hyphae.
 A!- Hyphae from a co'lonial front after incubation
for 10 min with L3h]acetate. Note heavy labeling
of tips and septa;  B!--Hyphae from a colony which
was preincubated with 250 ug WGA and then 'iabeled
as in A. Note inhibition of labeling at hyphal tips,
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CHITOSAN-METAL COMPLEXES AND THEIR FUNCTION

F, Yaku
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ABSTRACT

Chi tosan has the characteris tics selectively to combine particular metal
fons to form metal complexes, These tendencies are most predominant in Cu  II!,
Hg   I I!, Fe   II!, Ag   I!, Cd   !I!, Ni   II!; they are weakest in Mn   II!,
Co   II! and Cr   III!, The presence of alkali earth metals, Sr  II!,
Mg  II!, Ca  II! and Ba   II! with, e.g., Cu  II! ion in an aqueous solution
did not influence the Cu  II' ,chitosan-complex formation. Chitosan film
also made complexing easy; the elimination of metal lons from the complex
was performed at approximately pH 2, The recovery of complex-formation
ability by the chitosan film was then abou t 100$. A water-soluble
glucosamine oligomer Cu  II! complex was prepared to use as a model of a
ch i tosan Cu-   II! complex. Spectrophotometry confi rmed that one mole of
cupric ion coordinated with four mo les glucosamine. The chitosan-Cu  II!
complex displayed oxidation-reduction catalytic activity in ordinary tempera-
tures and atmosphere. The decomposition-reaction rate of hydrogen peroxide
was accelerated ten times by chi tosan-Cu   I I! comp'lex; this reacti on was
recognized to proceed according to the same mechanism as an enzymatic
reaction. It was found that the dehydrogenative polymerization of coniferyl
alcohol, using chitosan-Cu  II! complex as a catalyst, led to the formation
of lignin-like polymeric substances.

INTRODUCTION

Chitin is an abundant natural polymer. Chitin's estimated yield per
year is supposed to amount to 100 billion tons, approximately the same
as cellulose production. The estimated amount of chitin produced by
plankton in the Antarctic Ocean is over several billions tons every year.
When this plankton becomes widely used as a protein source, the utilization
of such chitin will be indispensable . Fundamental and practical studies
of chitin as a worldwide source of protein are vital.

Earlier we prepared a chitin film �! and studied its characteristics.
At the same time with Muzzare'Ill �!, we also found that the chitin film,
chitosan film and chi tosan powder combined metal ions selectively �! and
obtained significant information with respect to the catalytic activity of
the chi tosan-metal complex. In this paper, the summary of these latter
results will be reported.
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EXPERIMENTAL

~Pre aration of chitosan

Chitin prepared from shells of cra b and plankton was used as the
experimental material. Chi tosan was then prepar ed by the modified Hackman
method from purified chitin. Chitin �60 g! iPi a platinum beaker was
heated with 40~ NaOH solution �. i kg! under a nitrogen stream, The
temperature was maintained at 100" C for 2 hours and then at 150' C for
30 minutes. After cooling to roon temperature, the alkaline solution
was poured into ice-cold dilute aqueous acetic-acid solution. The sti11
alkaline solution was neutralized with acetic acid to pH 7 . 8. The
precipitated chitosan was collected by successive centrifugation. Tihe
precipitate was suspended again into water and then filtered, washed
with water until the washings were neutral, then washed with ethanol and
ether. The yield was 119.7 g.

Pre aration of chitosan-metal com >lex

To the chitosan �00 mg!, an aqueous solution �0 ml! of metal
salt � millimole! was added and shaken overnight at room temperature.
AS metal salts, CuS04 5H20, CoC12 6H20, NiC12 ~ 6H20, CdS04-BH20,
Pb CH3C02
 3H20, AgN03, HgClp, Fe NH4
 SO4
 6!.120, K2Cr2 SO4�'24H20
and MnS044 6H20 were used, After completion of the reaction, the
chitosan-metal complex was filtered and washed with water until no metal
i ons were detected against sodium sulfide or sodium chloride . Ouantitative
determination of metal ions contained in the chitosan was conducted by
uSing a Yarian TeChtrOn MOdel 1000 AtOmiC AbSOrptiOn SpeCtrOphOtOmeter,
after decomposing the metal-chelating chitosan with nitric acid  see
Table 1!.

Measurement of the saturated binding amount of metal ions  see
Fig, 3! was performed according to the procedure described in reference
2.

~fa tfo *f 1 1 11 os~hide h da tfa1 d~e ad tfo f
chitosan 6

To a solutiOn Of chitosan �0 g! in 2,25 1 of 0.1N-HC1, 100 ml of
2.5% NaNO2 solution was added and the mixture was stirred for 15 hours at
room temperature . The degradate was subjected to fractional precip i tation,
using aqueous ethanol solution of various concentrations containing a
small amount of hydrochloric acid, Three fractions were obtained  F-l, F-2,
and F-3! and purified by ge1 filtration on a Sephadex 6-15 column. The
F-1 fraction containing 17 glucosamine uni ts was used for pr eparati on of
the water-soluble Cu  II! complex.

~P atf f t � 1 h1 1 ~ osa ~ie off os cch cd
and measurement of the absor tion~sectra

An aqueous solution of F-1 hydrochloride containing 0.2 mole of
glucosamine units per liter was prepared. An aliquot of 2 ml was then
placed in test tubes to which 0.2 mole CuSO4 solution was added until
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the [Cu  II!]/[Cu  II!] + [glucosamine unit] ratios came to the following
values: 0, 0.1, 0.2, 0,3, 0.4, 0,5, 0.6, 0,7. 0.8, and 1.0. The same
volumes of 1N-NaOH wer e then added to each tube . The tubes wer e shaken
vigorously, and the excess Cu  II! ion precipitated as Cu OH
 was
removed by centrifugation, The absorption spectra of Cu   II! complexes
were measured by using a Hi .achi Recording Spectr ophotometer Model EPS-2.

lleasoreme t of cat i tic a ~i ~ lt of chitosae-C
decem ositioe eactioo of tr~dro e o id*

The reaction mixture containing 70 ml of hydrogen peroxide solution,
10 ml of buffer and the chitosan-Cu  II! complex  including 5 x 10 5 g-
atom of cupric ion!, was stirred at 20 .". When a degradation ratio was
measured at various pH ' s, the initial concentration of hydrogen peroxide
was controlled to 7.5 m mole/1. The rate of decomposition reaction of
the hydrogen peroxide was measured by titration wi th potassium
permanganate.

on of conifer~1 alcohol usin chitosan-Cu

Coniferyl alcohol was ynthesized from vanillin via acetyl ferulate.
M.p, 71.5 � 73' C.

Chitosan-Cu  II! complex containing 1.6 millimole Cu   II! per
gram complex was used as catalyst in the polymerization reaction. A
so 1ution of coniferyl alcohc 1 �00 mg! in acetone � ml! was added to a
mixture consisting of distilled water  8 ml!, buffer � ml! and
chitosan-Cu   II! complex �-100 mg!. To the resultant solution of a
ph 5.6 were added two equivalents �.2 ml! of hydrogen peroxide �.5 N!.
The reacti on mixture was sha ken at 30' C at atmospheric pres sure for 16-
140 hours. The mixture was then dialyzed against running water for 48
hours and concentrated rn redu ced pressure. The resulting precipitate
was separated, dissolved in dioxane and i'reeze-dried in order to remove
chitosan Cu  II! catalyst  Fr, A!. The filtrate was directly concentrated
and freeze-dried  Fr . B!. Coniferyl alcohol �00 mg! and chitosan-Cu   II!
complex �-100 mg! wer e placed in test tubes to which 4 ml of acetone
were added to dissolve the conii'eryl alcohol. Eiqht ml of water and 4
ml of buffer  pH 4.0-7.0! were added to each tube and the contents were
frozen. Then 0.5 N-H202 �,2 ml! was added to the frozen mixture and it
was frozen again, Air in each tube was replaced with N2, and then the
tube was sealed with a f1ame in vacuo. Polymerization was carried out
at 30' C for 16 hours. The resultant po'iymerisate was treated in a manner
similar to that described above.

The average molecular weight of the polyconiferyl alcohol was
determined on the dioxane solution, using a vapor-pressure osmometer.
The NMR spectra were measured on the acetylated polymers in CDC13.
Oetermination of phenolic OH was carried out. by the ac; method.
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RESULTS AND DISCUSSION

Chi tosan-metal com lex

We have previously reported �! on the preparation of chitin film by
the solid-phase acetylation of chitosan film. When either chitosan film
or partially acetylated chi tosan =ilm was immersed i n separate solutions
containing Cu  II!, Co  II! and Ni  II! ions, the films turned blue, red
and green, respectively. The chitin film did not change color.
Independently, Muzzarelli et al. ',4! r eported on the formation of metal
complexes of chiti~ and chi tosan wi th transition metals or post-transition
metals, and elsewhere we have reported �! on the amounts of metal ions
complexed with chi tosan and the selectivity of chi tosan for these fons.
The amounts of metal ions complexed with powdered chi tosan are presented
in Tab'ie 1.

Table 1, Metal Contents in Chitosan-Metal Complexes

Metal Content, m mole/gMetal Ion

Metal ions of Ag   I!, Hg   I I!, Cu   II!, Cd   II!, Fe   II!, and Ni   II!
took up more than 0. 5 mi 1 1 imol es oer gram of chi tosan . The affinities
for Hg  II!, Cu   II!, Fe  II! and Ni   II! ions were especially
predomi nant in chi tosan . IR absorption spectra of chi tosan-metal
complexes were investigated. By combining with metal ion, some of the
IR absorption bands of chitosan snifted to longer wave lengths. The
following shifts were observed in IR absorption bands of O=C-NHR
�650 cm-l!, -NHg�590 an->! and -NHi �560 cm 1!, respectively:
1650 ~ 1620, 1596 ~ 1575 and 1560 ~ T510 cm-l, Further, 1650 ~ 1640
and 1560 ~ 1530 cm 1 in Fe  II!-complex were also noticed. These
reSultS indiCate that the Chelatian aCtually OCCurS between the metal and
chitosan.

The amounts of Cu   I I! ion combi ned with chi tosan depended 1argely
upon the pH of the aqueous solution of Cu   II! salt--that is, the combined

Ag  I!

Hg  I I !

C  II!

Cd  II!

Cr  III!

Mn   I I !

Fe  II!

Co  II!

Ni   I I !

Pb  II!

0. 88

2.55

2.29

0.78

0.0026

0, i91

1. 28

O. 033

1. 18

0.088
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amount of Cu  II! increases as the pH approaches 6 from the acidic side
 Fig. 1!. At a lower pH range, Cu  II!-chitosan chelation is decomposed
and the desorption of Cu  II! ion takes place. The experiment of removal
of Cu   II! ion from chitosan-Cu  II! complex was conducted by using
phthalate buffer Of PH 2 .3 . The results are shown in Fig . 2. About 1 00Ã
Cu   II! ion was removed after 5 hours. The binding capacity of Cu  II!
ion of the chi tosan film that had been regenerated from its Cu   II!-
complex was the same as that of the original one,

Fig. 3 shows the amount of Cu  II! ion combined to chitosan powder
in the presence of alkali earth metals; it indicates that the binding
capacity af Cu   I I! ion was not influenced by the co-existence of
alkali earth metals in solution.

p ~ etio oi lecosa i e a~it osacchaside aad its t dtl co les

Chitosan-Cu  II! complex was insoluble in water, and consequently
it was too difficult to deal with the structure quantitatively. A
water-soluble glucosamine oligosaccharide-Cu  II! complex was therefore
prepared as a model of the c hi tosan-Cu   I I! complex, The preparation
method for glucosami ne ol igasaccharide previously reported seemed to
be unsuited to obtaining the desired oligomers on a large scale .
As 2-amino-2-deoxy-0-g 1ucosyl linkage in chi tosan is very resi stant
to acid hydrolysis, the preparation of glucosamine oligosaccharide by
partial hydrolysis with acid is difficult. Chitosan in 0.1H-HC1 was
therefore treated with a specific amount of sodium nitrite, causing a
partial deami nation and cleavage of the chain on the chi tosan molecule .

The rate of the deamination reaction was determined by measuring the
amount of 2, 5-anhydromannose formed by deaminati on of aminosugar with
nitrous acid  Fig, 4!. In this case, a 1/5 equivalent of ni trous acid
was used for each glucosamine unit, about 105 glucosamine in chitosan
was deaminated to 2, 5-anhydr omannose, suggesting that a decasaccharide
may be farmed as a main degradation product. From these preliminary
exper iments, a 1/5 equi va 1 ent of nitrous acid was used in order to obtain
the decasaccharide of glucosamine. Preparation and fractionation of
of oligosaccharides were carried out as shown in Fig.

Three kinds of oligosaccharide, viz., F-1 hydrochloride  Pn: 18!,
F-2 su'Ifate  Pn: 16! and F-3 sulfate  Pn: 10!, were obtained as a result.
Paper chromatography and gel-filtration chromatography were conducted
for confirmation of the homogenei ty of these kinds of glucosami ne
oligosaccharides. In a paper chromatogram, F-1 hydrochloride was not
contaminated with lower molecular weight oligosaccharides. The elution
curves of gel filtration using Sephadex G-15 column also indicated no
contaminants present in F-1 hydrochloride.

Water-soluble glucosamine oligosaccharide-Cu  II! complex was
prepared from F-1 hydrochloride and CuS04 solution. In general, when
a chelate compound is formed in solution, the color intensity of the
so'lution is enhanced, a colorimetric determination can then be used to
estimate the composition of he chelate compounds. This can be carried
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out, using the method of continuous variation, introduced by Job �!. The
solution of F- I hydrochloride was mixed with aqueous solution of Cu504 . At
pH 5.6, the spectrumof the complex was identical with that of Cu504 and
had a maximum at 764 nm. The formation of the complex was seen from the
fact that the absorbance at 764 nm increased wi th the ~ncreasing amount
of the added F-1 solution to a definite volume of Cu$04, Glucosamine
oligosaccharide-Cu   II! complex was then prepared in alkaline solution,
where excess cupric sulfate would precipitate as cupric hydroxide. Only the
spectrum of the water-soluble complex resulting from the formation of the
coordinate compound was measured, The complexes obtained in alkaline
solution gave spectra having >,max at 510 nm and 620 nrn  Fig, 6!, As these
spectra were based upon the complex alone, the molar ratio of Cu  II! and
the qlucosamine unit in the complexwere determined by applying the method
of continuous variation �!. The so1utions having [Cu  II]/[Cu   II!] +
[glucosamine unit] ratios between 0,0 and 1.0 were prepared, and their
spectra were observed. The molecular extinction coefficient  r! and

� �10 and 620 nm! were plotted against the ",Cu   II!]/[Cu   II!] +
[gfucosamine unit] ratio, and the obtained curves showed the maximum values
at 0.2 molar ratio. From the experimental results described here, it
became obvious that the complex consisting of one Cu   II! ion and four moles
of glucosamine units was formed, aII of the glucosamine molecules
coordinating to the cupric ion as shown in Fig. 8.

Cet ~ t tic effect of chttotoo-C:~to t o ~ec o tt:io e etio of
h dro en eroxide

It is generally known that some metal ions such as Fe   III! and
Cu   I I! have the catalytic activi ty of an oxidation- reducti on reaction .
Recently, the catalytic activities of the polymer metal complex have
been studied, and it has become obvious that the activity depends on the
degree of polymerization, We s tudied the catalytic activi ties of chi tosan-
Cu  II!, chitosan-Fe  II! and chitosan-Ni  II! complexes on the decomposition
reaction of hydrogen perox ide. Only ch i tosan-Cu   I I! complex showed a
considerable activity on decomposition of hydrogen perox i de at neutra 1 pH.
The decomposition rate of hydrogen peroxide was measured at pH 4.5-8.0
using a chitosan-Cu  II! complex as a catalyst. At pH 4,5, hydrogen
peroxide was not decomposed by the chi tosan-Cu   II! complex, but about. 80K
of the hydrogen peroxide had decomposed in the course of the catalytic
reaction of chitosan-Cu   II! at pH 6,9 after 7 hours  Fig. 9!. When only
Cu   II! ion or chitosan was used as catalyst under the same rondi tions, the
decomposi ti on of hydrogen peroxide did not occur at all. The catalytic
activity of chi tosan-Cu   I I! complex was enhanced at pH 8, but Cu   II!
ion alone also showed the catalytic activity, The relationship of the
i ni tia l velocity of decomposition of hydrogen peroxide to the concentration
of hydrogen peroxide  subs tr ate ! indicated that as the substr ate concentr ation
was increased, the initial velocity of decomposition of the hydrogen peroxide
became constan t  Fig. 10!. This result indicates that the reaction proceeds
through a catalyst-substrate complex, that is, according to the Michaelis-
14enten equation:

E + 5 ES E + P

enzyme productcomplexenzyme substrate
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From the values of Fig. 10, the Michaelis constant  Km! was calculated
to be 0.59. The value of Km was larger than an ordinary enzymic reaction.
The larger value of the Km constant means that the affinity of chitOSan-Cu
  II! complex with hydrogen peroxide was smaller than catalase. A higher
concentrati on of the substrate is therefor e neces sar y to elevate the
velocity of the reaction catalyzed with the Cu   I I! complex� .

Cu II in the
oho

Coniferyl alcohol, a precursor of lignin, polymerizes to give the
lignin in plant tissue by the dehydrogenase system, On the other hand,
coniferyl alcohol is dehydrogenated by peroxidase in the presence of
hydrogen peroxide a s shown in Fig . 11; the formed radicals then
polymerize by a coupling reaction to gi e synthetic lignin  DHP!,
Because the c hitosan-Cu   I I! complex showed catalytic activity in the
decomposition react i on of hydrogen peroxide, the catalytic activity
of the chitosan-Cu  II! complex in dehydrogenative polymerization of
coniferyl alcohol was studied. The polymerization of coniferyl alcohol
using the chitosan-Cu   II! complex was carried out under the same con-
ditions as the enzymic dehydrogenative polymerization using peroxidase
reported by Lai Yuan-Zong et a l. �!, The polymer was obtained in a
37% yield at pH 5.6 and 30' C after 20 hours. When the polymerization
was conducted without a catalyst, the polymer yield was only 5%  Table
2!. The polymerization of coniferyl alcohol using chitosan-Cu   II! as
a catalyst was separately performed in an ampule in vacuo, The polymer
yields and analytical data <ire shown in Table 3. The ~oTymer with a
higher molecular weight was obtained at pH 5.6 in about a 30K yield.
N14R spectra of the polymers obtained by both methods are shown in Fig.
12, In the case of polymerization conducted at atmospheric pressure,
the structure of the resultant polymer was similar to native MWL . The
optical rotations of these polyconiferyl alcohols were measured in
di oxane, The poiyconiferyl alcohol obtained at atmospheric pressure
was optically inactive, but the polyconiferyl alcohol obtained in
vacua showed positive optical rotation . The optical activity is due
tott ie polyconiferyl alcohol itself, since chitosan-Cu  II! complex
used as a catalyst is insoluble in dioxane. If a slight amount of the
chitosan were dissolved in dioxane, it might show a negative optical
rotation in water. From these results it was assumed that the poly-
coniferyl alcohol synthesized in vacuo had a more regular structure than
that. of native NW. That is, it was recognized t hat the chi tosan-Cu  II!
complex not only had a catalytic activity in the polymerization of conif-
eryl alcohol, but also functions as a matrix, whirh gives a regular
structure to a polymer.

Table 2. Polymer Yields of Polyconiferyl Alcohol Obtained
at Atmospheric Pressure

Chitosan-Cu  II! NoneCatalyst

Polymerization
time, hr.

Yield, X
20 44 68 92 140 140

3 7 23 1B 22 19

p : .6, at 0 C
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Table 3. Analysis of Polyconiiery'I Alcohol Obtained in Vacuo

Chitosan-Cu   II! Cu504Catalyst

pH

� Fr. AYield, I Fr 8

4.5 5.0 5.6 6.0 7.0

18,1 5.2 29.1 13.0 13,1
8.8 7.0 5.6 8.6

600 15IO 2200 900 720

274 279 280 273

Mn

221

4.4

Cu  II! ion: 0.032 m mole at 30" C for 16 hours,
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Fig. 1. PH dependence of the amount of Cu  II! ion
combined with chitosan, Initial concentration
Of Cu�1! ion:  I! 5 x 10 , �!  ! x 10 mol/l.
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Chitosan 30 g

0.01N-HC1
<02, lj2 equivalent,
room temp., for I5 hours.

rcd. to 100 ml, 2-5" C

Soln,PPT.
 F-I hydrochloride!

recrystallized
from 0,05N-HCI rom

05N-HCI!

Soln.F-1 hydrochloride

Y.' 21.1X
Pn: 18,0

[m]P , -10.2 H20!
ated from 75%
�.05N-HCl!

Soln.

coned.
precipitated from 75K
ethanol �.05N-HC1!

Soln.

Y: 9,55

Pn: 15.9

[o]p ', -9.9 H20!

Y: 18,9'%%d

Pn: 9.7

l.a]P . '-6.1 H20!

Fig. 5. Preparation of glucosamine oligosaccharide

PPI.
 F-2 hydrochloride!

1
in 0,01N-H2S04,
coned.

PPT.
 F-2 sulfate!

recrystallized
from 0.01N-H2S04

F-2 sulfate

PPT.
 F-3 hydrochloride!

rn 0.01N-H2SO4,
coned,

PPT.
 F-3 sulfate!

recrystallized from
g 0.01N-H2504

F-3 sulfate
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Fig, 6. Absorption spectra of glucosamine oligosaccharide
Cu II! complex.
1, [Cu II!]/[Cu II!]+[glucosamine unit]. 0.1.
2, [Cu II!!/[Cu II!]+[glucosamine unit]: 0.2.
3, [Cu II!!/[Cu II!]+[glucosamine unit!: 0.5.
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Fig.j. Determination of molar ratio in glucosamine
oligosaccharide-Cu�I! complex.

o- � ~ 620 nm. ~ 510 nm.
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CH20H CH20H
Figure 6. Screw dislocation formed by a chain end in a

crystalline po'lymer.
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REACTION T 1�E > IIRS

Fig. 9. Decomposition reaction of hydrogen peroxide.
I, Cu II!, pH 6.9. 2, Cu I !, pH 8.0.
3, Chitosan-Cu  II!, pH 6, 9. 4 . Chitosan-Cu  II!,
pH 8,0,
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Fig. 10. Relationship of concentration of H 0
with initial velocity of decomposi ihn
reaction of H>O> using chitosan-Cu ZI!
catalyst.
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ABSTRACT

Several methods for the rapid determination of' the degree of acetylati on
of chi tosan have been evaluated. The most promising are the titration of
chitosan hydrochloride and the evaluation of the mass spectra of chi tosan
and related polymers .

Chitosan hydrochloride was prepared by adding an excess of concentrated
hydrocnloric acid or sodi wn chloride to an acetic-acid solution of chitosan.
The hydrochloride, which is soluble in water, exhibits the properties of
a weak polye lectrolyte. The degree of acetylation can be dete rmined by
titration Of the ammonium cation  -I HS! in silver nitrate with a base or
chloride ion. The measurement of the specific conductivity of aqueous
solutions of chitosan hydrochloride is another method for determining the
ionic concentration of the hydrochloride.

Preliminary studi es of the mass spectra of' ch i tosan hydrochloride
indicate that the degradation temperature and the fragmentation patterns
are characteristic of the po'iymer and that it will be possible to determine
the degree of acetylation of chitosan or deacetylation of chitin from the
mass spectra. The mass spectra of three commercial samples of chi tosan
were found to be distinctly different, indicating that the mass spectro-
meter may be a convenient tool for monitoring production procedures and
the properties of the polymer.

INTROOUCTIOH

The properties of chitosan are related to the average molecular weight
and molecular-weight distribution of the polymer, i.e,, to the extent of
deacety1ation and chain degradat'ion that occur during the alkaline hydro-
lysiss of chitin and these, ir turn, depend upon the hydrolysis condi tionS:
concentration of a ika'1i, reaction temperature, reaction time, and the presence
or absence of oxygen. If oxygen is present, degradation and oxidati on proceedby a free radical mechani sm s imi'1ar to that reported for cellulose  I !.
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Direct evidence tor the variable composition of cnitosan is the variation
in color and solubility of chitosan from batch to batch. The viscosity of
aqueous acetic-acid solutions of chitosan �! and the coagulative powers
of chitosan solutions �; Wu and Bough, these Proceedings! have been
report d to vary with composition and hydrolysis conditions.

A unique characteristic of chitosan is that it is insoluble in water
and cormion organic solvents, but solubie in acid solutions. Chitosan
dissolves slowly with degradation in warm solutions of hydrochloric,
perchloric and nitric acids, It forms precipitates with dilute solutions
of polyanionic acids such as sulfuric and phosphoric acids and also with
concentrated hydrochloric acid �!. Chitosan is soluble in the aqueous
solutions of a number of organic acids. Huzzarelli �! has reported that
chitosan is soluble in aqueous solutions of formic, arc tic, citric, pyruvic
and lactic acids, as well as in glycolic, maleic, mal ic, maionic. tartaric
and many other acids. We have also reported that chitosan dissolves in
oxalic and dichloroacetic acid solutions with the formation of thermore-
versible gels  these Proceedings!.

The variations in the exten t of deacetylation and degradation that
accompany the hydrolysis of chitin, combined with 0he solubility restriction,
have made characterization of the polymer difficult and have hampered the
study of the properties and reactions of chi tosan . The objecti ve of this
study was to develop simple and rapid methods for determining the degree
of acetylation of chitosan. Chitosan hydrochloride was selected as a
suitable intermediate, as it is easy to purify, is soluble in water and
was expected to exhibit the properties of a weak polyelectrolyte. The
mass spectra of several polymers were taken and examined to determine if
the fragmentation patterns would aid in the characterization of chitosan
and related polymers.

In this paper, we report the d te rmination of free amino groups by
potentiometric titration and argentimetric titration of chitosan hydro-
chloridede, the conductance of chi tosan hydrochloride solutions and the
results of preliminary mass spectra obtained from the degradation of
chitin, chitosan and chitosan hydrochloride.

EXPER!MENTAL

I4aterials

Corrinercial chitin and chitosan were purchased from the Kypro Company
of Seattle which has incorporated the Food, Chemicals and Research Labora-
tory. Chitosan was prepared in the laboratory from chitin purchased
from the KyPI o ComPany by refl uxing S kr samPI es of chitin in 2 . 4 I of 40'I
sodium hydroxide for six hours.

Chitosan h drochloride

Chitosan  approximately 2.5g ! was dissolved in IO" acetic acid  85 ml!
by stirring at high speeds for about IS minutes. Undissolved



particles were removed by suction filtration using polyester cloth as
the filter. The filtration time varied between 5 and 10 minutes, depend-
ing on the viscosity of the solution. Concentrated hydrochloric acid
 ~18 ml! was added s'lowly to the chitosan with rapid stirring until no
further precipitation of chitosan hydrochloride was observed. The
temperature rose 6' C during the addition of the acid. The precipitate
was filtered through a very coarse s intered glass frit . The solid was
made into a slurry with 100 ml of methanol and refiltered. This opera-
tion was repeated until the washings were free of chloride ion. A total
of 5 or 6 washings was required to remove the excess hydrochloric acid.
Filtration of the methanol i c, slurry required 5-10 minutes, much less than
the 45 minutes needed to filter the viscous acetic acid slurry.

The off-white chitosan hydrochloride was dried in an oven at 50' C
overnight and then placed in a constant-humidity chamber at room tempera-
ture to ensure that all the chitosan hydrochloride ~ould attain the same
water content before samples were weighed for titration, a precaution
made necessary by the hygroscopic nature of the hydrochloride.

The dry chitosan hydrochloride is light brown in color, how light
depending on the particular chitosan used and the temperature at which it
is dried. The hydrochloride decomposes when air dried at 125' C.

Chi tosan hydrochloride may also be made by adding a saturated solution
of sodium cihlori de to the chitosan aceti c-acid solution unti'I no further
precipitation is observed, Chitosan forms the hydrobromide, or hydro-
iodide, when sodium bromide, or sodium iodide, is added to acetic-acid
solutiOns Of chitosan. Both salts are water soluble, and chitosan can
be reprecipitated by addition of sodium hydroxide. Both salts turn
dark brown on standing.

Titration of ch i tosan h droch'iori de

 a! Titration with sodium hydroxide

About 1,200 g of the dried chitosan hydrochloride was dissolved in water
by shaking for about 0,5 hour and the solution was diluted to 100 ml. Two
25 ml aliquots of this solution were titrated against 0.1000 M sodium
hydroxide, with the use of a Corning Model 5 pH xmter. A third 25 ml
a1iquot was titrated with the same base using phenolphthalein as an
indicator. A solution of glucosamine hydrochloride was titrated
in a similar manner.

 b! Titration with silver nitrate

In order to compare the concentrations of -NH3 and Cl ions, 4.1136 g
of chitosan hydrocihlori de were dissolved in 250 ml of water. Three 25 ml
aliquots of solution were titrated with 0.1000 M potassium hydroxide
and three with 0, 1000 M silver nitrate, using phenolphthelei n and 2, 7-
dichlorofluorescein, respective'Iy, as indicators.
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Conductivit of chitosan h drochloride solutions

The conductivity of chitosan hydrochlorides of seven different concentra-
tions was measured at 25' C in a conductance cell constructed with a Beckman
conductivity bridge  K = 0.5516 cm I ! .

Mass s ectra of chitin chitosan and chitosan h drochloride

A DuPont  model 21-491! double-focusing mass spectrometer was used to
obtain the mass spectra of chitin, chitosan and chitosan hydrochloride
at several temperatures and to measure the degradation temperature of
each polymer. The samples were placed in a direct inlet probe and heated
to a predetermined temperature, An ionizing voltage of 82Y was used to
ionize the vapors.

RESLILTS

The aqueous solutions of chitosan hydrochloride behaved as expected
and exhibited properties characteristic of quaternary anmenlum-salt
solutions. Titration curves for chitosan hydrochloride and glucosamine
hydrochloride are shown in Figure 'I.

The concentration of -IIIH3C'I groups per gram chi tosan hydrochloride
are given in Table 1,

Table l. Iioles MH~ per Gram  .'hitosan Hydrochloride  xID-3!

Sample Potentiometric indicator

K-1 3. 816

K-2 3,800

K-3

L lb 4.026 3,983

4.133 4,050L-2

3.866L-3 3.833

aK samples were
b
L samples were

c
Poor end point

3.833

3.816

3.860

purchased from Kypro Co., Seattle.

prepared in the laboratory.

because of high viscosity of solution.
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+ The agreement between the chitosan concentrations, expressed as moles
-NH determined by potentiometric and indicator titrations is satisfactory,
Chitosan hydrochloride solutions of low vi scosity must be prepared in the
indicator method to ensure sharp end points. The extent of deacetylation
of chitin  or thy acetyl groups remaining in chitosan! can be estimated
from the moles -AH3/g, by assuming a value for the "equivalent weight" of
the repeat unit in the chitosan polymer.

The argentimetric titration af chitosan hydrochloride was evaluated as
another simple procedure for determining -r lk3 and Cl . The results of
the titration of 25 ml aliquots containing 0.4114 g chitosan hydrochloride
we re:

a! KGH titration with phenolpthalein irndicator
4.067 x 10 3 mo'le -Jlk /g chitosan.kC13

b! Agri03 titration with 2,7-dichlorof1 uoresceirr indicator
4.033 x 10 3 mole Cl /g chitosan,HC1.

The agreerrmnt between these titration values jndicates that the acidic
properties observed are entirely due to the -6H3 functional groups prv'.sent
in tne cnitosan nydrocnloriue. Potassium dichromate is not a suitaale
indicator for this titration, as the chromate anion forms an insoluble
complex with chitosan and gives an indefinite end point.

The specific conductivities of seven chitosan hydrochloride solutions
are given in Table 2.

Table 2. Specific Conductivities of Chitasan
Hydrochloride

Solutions

Chitosan
Hydrochloride

 g/1!

Speci f ic
Conductivity

 k!

A plot of concentration of chitosan hydrochloride expressed as g/1 vs.
specific conductivity, is linear aver a wide range of concentrations,
while a plot of k/c vs, Mc  where c is concentration in g/1! gives a curve,
a result typical of a weak electrolyte. Such plots may be useful in moni-
toring chitosan hydrochloride concentrations,

6.8770
3.4385
1. 7193
0.4298
0.2149
0.1075
0.0537

3570
1902
1022
327. 3
193. 5
116.4
67.0
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The mass spectra of chitin, chitosan and chitosan hydrochloride have
been determined over a range of temperatures. Interpretation of these
preliminary mass spectra of comnercial chitosan samples is hampered by
the lack of detailed information concerning the hydrolysis condition
under which the chitosan samples were prepared. However, a cursory analysis
of tnese spectra indicate that such spectra will provide information on
polymer degradation temperature, polymer identification, the degree of
deacetylation of chitin  or the degree of acetylation of chitosan! and,
perhaps, the ratio of free amine groups to N-acetylamine groups in cbitosan.

The degradation temperatures of the three polymers are listed in
Table 3.

Table 3 . Degradation Temperature of Chitin, Chi tosan
and Chitosan Hydrochlor>de

Degradation
~tem erat r~e'CPol mer

The therraal stabilities of the three polymers are significantly differ-
ent, witn chitin being the most stable. Chitosan hydrochloride is the
least stable, presumably because the hydrogen chloride liberated in the
probe at elevated temperatures attacks the B-glycosidic links between the
monomer units, causing rapid depolymerization. This observation confirms
the earlier observation that chitosan hydrochloride darkens rapidly when
heated in an oven at 125'.

Mass spectra for three samples of cormnercial chitosan, comrrmrcial
chitin and a sample of chitosan hydrochloride are depicted as bar graphs
in Figures 2-6, In these spectra, all the peaks below mass 25, as well
as 18  HqD!, 28  H2!, 32 �2!, and 44  CO !, have been omitted, even though
some of Them may provide useful inforrnati n. For example, the 28/32
ratios in most spectra were greater than 4, suggesting the presence of
CO from the acetyl group in the 28 peak.

The maSs Spectra of eacn polynrer are distinctive, Chitin  Figure 2!
has a low volatility and exhibits a very simple fragmentation pattern
until the degradation temperature is approached. When chitin degrades,
approximately 200 mass ions appear. Chitosan hydrochloride also exhibits
a simple fragmentation pattern  Figure 3} and, as noted earlier, the
hydrogen chloride liberated prorrotes rapid deoolymerization.

Chitin
Chitosan, K-1

K-2
K-3

Chitosan. HCl

-300
270-280
288-292

280
210-220
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Table 4. Mass Ions and Associated Ion Fragnmnts

~Fta mentPeak

>CHNH2

-CH20H

29

31

HC136

43 -COCH3

rCHCHCH

NH2

-CHOHCHNH2

55

59

-NHCOCH60

! CHIIHCOC H

-CHOHCHNH2CH

71

72

~CHCHNHCOCH3I84

CONCLUSIONS

Chitosan hydrochloride exhibits the properties expected of a weak
polyelectrolyte. The number of males of the -Nkp functional groups per
unit weight can be dete rmined by titration of -IIIR3 wi th a standard base
or Cl in standard silver nitrate. This data can be related to the extent
of acetylation by ass ming an "equivalent weight" for the monoamr repeat
unit. The measurement of specific conductivity is another method that
can be used for the rapid determination of chi tosan hydrochloride,

SUGGESTIONS FOR FUTURE WORK

The ability to determine the degree of acetylation and the -NH2/
-NHCDCH3 ratio in chitosan would provide other useful tools for the study
of the preparation, the properties and the reactions of this interesting
polymer. Accordingly, we plan to continue- development of rapid and
simple procedures for the determination of these parameters either from
mass spertra alone or from some combination of mass spectra with other
methods, such as hydrolysis of the hydrochloride and determination of
total ni trogen.

Mass spectra provide information on degradation temperatures and poly-
mer identification and, with further work, wi11 permit the determination
of the degree of acetylation in a polymer and possibly the -NH /-NHCOCH
ratio. The mass spectra of three connmrcial chitosans exhibit signific/nt2

differences, Mass fragmentation patterns of chitosan and chitin may
prove to be a convenient and precise method for the investigation of the
influence of hydrolysis conditions on solubility, viscosity and
coa g ul at i ve properties.
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ABSTRACT

A study of the acetylation of chi tosan film has been carried out using
IR spectroscopy to follow the reaction. Acetylation techniques similar to
those used for cellulose proved ineffective, but a facile technique for
selective N-acylation has been developed, involving treatment w1th
carboxylic-acid anyhydri de/methanol solutions at room temperature . A wide
range of other solvents has been examined, but methanol has been found to
be by far the most effective.

The N-acyl chi tosans so far produced have been 0-acetylated in both
acidic and basic media, and the ra tes of 0-acetylation were found to be
dependent upon the size of the N-acy'I group. The N-acetyl and the
N-propionyl chi tosans undergo 0-acetylation extremely slowly, while
N-butyryl and N-hexanoyl chi tosans react at greatly increased rates, This
strongly supports the suggestion that the difficulty in acetylat1ng chito-
san and chitin is due to the inaccessibility of the polymer chains .

A new method for measur 1ng the extent of deacetylation of chitosan
samples is reported.

INTRODUCTION

The acetylation of chitin and chitosan is extremely d1fficult, despite
their s1milarity to cellulose. Several attempts have been reported 1n the
literature using extreme conditions such as acetic anyhdride at elevated
temperatures  9! or acetic anhydride wi th dry hydrochloric acid as cata-
lystt   10! . Selective N-acylation of chi tosan under mild condi tions in
solution has recently been reported �-7!, using acid anhydride/acetic
acid �0%!/methanol mi xtures, In the present work, the acetylation of
chitosan has been studied in an attempt to develop a simple procedure for
the preparation of fully acylated derivatives. Chitosan in film form has
been used throughout because of the ease of handling and of fol lowing the
extent of reaction by IR spectroscopy .

EXPERIMENTAL

The chi tosan used in the initial studi es was supplied by the U. S.
National Oceanic and Atmospheric Administration and that used in the later
work was supplied by Hercules Incorporated. The extent of deacetylation
of the samples was determined 1n two ways;

�! by treatment with excess aqueous hydrochloric acid
and titrimetric determination of the excess ac1d �!;

�! by treatment with a solution of sodium periodate to cleave
the a-aminoalcohol units and determination of the unconsumed
peri odate by titration with sodium arseni te .



422

The average values for the extent of deacetylat1on were 72% by method 1
and 77% by method 2.

The films were prepared by dissolving chitosan flakes 1n aqueous acetic
acid �%! and casting onto a glass plate. After drying, the films were
removed from the plate, steeped overnight in methanolic sodium hydroxide
 N! to convert the ami ne salt to the free amine, rinsed in methanol and
air dried. The IR spectrum of each sample was recorded prior to any sub-
sequent treatment.

The acylation reactions were carried out in stoppered flasks at room
temperature, except for the studies on the rates of acylation which were
carried out at 25'C, 35'C and 45'C, using a thermostated water bath. The
reagents used were General ourpose Reagent grade, with the exception of
methanol which was Analar grade . The IR spectra were recorded on a
Perkin Elmer 157 record1ng spectrophotometer.

RESULTS AND DISCUSSION

Initial attempts to acetvla te the chi tosan films involved treatrrmnt
with acetic anhydride/glacial acetic acid mixtures, together with
perchlori c acid  82'! as a catalyst. This is a recognized method for the
acetyla tion of cellulose  ll!, and it was thought that chi tosan might, re-
act 1n a sim11 ar manner . The extent of reaction was very limited, however,
even when the reaction time was extended beyond 120 hours . Two possible
explanations for this lack of reactivity are:

�! limited access1bil1ty of the functional groups, due to
the close packing of the chains, restricts the extent
of react1on;

�! protonation of the amine groups, due to the acidic nature
of the reaction medi um, cause" .a reduction in the extent
of their acetylation and in the extent of O-acetylation,
through destabilization of the transition state structures
required for the acetylation of the adjacent C�! and
C�'! hydroxyl groups. The influence nf the C�! am1ne
salt on the adjacent hydroxyl groups has been shown by
llorton et al.  8!, who reported specific ox1dation of the
pr1mary hydroxyl groups of chitosan when the counter-ion
of the protonated amine groups was the perchlorate ion.

Attempts to swell the film ~sing various water/methanol mi xtures were
impracticable, as the film became unworkable. Treatment with acetic an-
hydride at room temperature for 120 hours followed by refluxing in acetic
anhydride for 2 hours gave good N-acetylation together with some 0-acetyl-
ation. Extending the reaction times gave no noticeable increase in the
extent of acetylation, nor did the use of triethylamine as an acid scaven-
ger . From other studies on chit osan, to be reported 1 ater, it became
clear that the use of methanol as the reaction medium gave an increase in
the reactivity of chitosan. Initial experi mdnts using methanol/aceti c
anhydride mixtures showed that complete N-acetyla tion could be obtained in
less than 12 hours at room temperature. Some 0-acetylation also occurred
with increased reaction times, but it was not complete even after prolonged
treatment.

A range of organic solvents was then examined to determine their
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influence on the N-acetylation of chitosan, The solvents studied included
alcaho'ls up to hexanol, glacial acetic acid, dimethyl formamide, formamide,
pyridine, dimethylsulfoxide, tetrahydrofuran, dioxan and chlorinated hydro-
carbons. The range of the solubility parameter values covered by the sol-
vents examined was 7,4-19.Z Hildebrands �.4-19.Z cal~z cm-$!. It was
found that only methanol and formamide gave any appreciable N-acetylation,
even after 24 hours reaction time. A series of binary mixtures of ethano'I/
methanol and of methanol/formamide � = 19.2! was prepared, and the extent
of reaction determined after 30- and 60-minute treatment. The extent of
acetylation was calculated b~ measuring the increase in the absorbance of
the amide I band at 1660 cm , using the absorbance of the hydroxyl band
at 3450 cm ' as an internal standard to take into account variations in
film thickness.

Figure 1 is a p'lot of' the extent of N-acetylatian after 30- and
60-minute reaction times, expressed as the percentage of amine groups
acetylated, against the solubility parameter values of the reaction media .
The latter values have been calculated to take inta account the contribu-
tion of the acetic anhydride present, The figure shows that there is a
very considerable i ncrease in the rate of N-acetylation in the reacti on
media that have solubility parameter values in the range 12,75<4<14,75,
and that it reaches a maximum at 13,1<6<13,5,

Apart from changes in their intensity, the majori ty of the absorption
bands in the IR spectrum of chi tasan are unaffected by the increasing ex-
tent of N-acetylati on . A major exception is the amide I I band at 1595
Cm ', WhiCh ShiftS ta 1550 Cm ' aS N-aCetylatian prOCeedS, The preSenCeof hydrogen bonding in simple secondary amides has been found  I! to in-
crease the absorption frequency of the amide II band, and this shift to
lower frequencies as N-acetylation proceeds indicates gradual disruption
of hydrogen bonding involving the amide group that was present in the
original chi tosan film.

N-ac lation of chi tosan

A comparison of the rates of N-acyfatian of chi tosan by several
carboxylic-acid anhydrides has been made, using methanol as the reaction
medi um. The acid anhydri des used were acetic, propionic, butyric,
hexanoic and benzoic. The reactions were followed by monitoring the
change with time of the absorbance of the amide I band until acylation
was complete. The absorbance of the 3450 cm ' band was again used as an
internal standard. In all cases, a shift in the amide II band to the
lower frequencies on N-acylation was observed.

The results for the reaction of butyric anhydride are shown in Figure
2. The extent of N-butyrylatian is expressed as At-A , where At and A
are the absorbances of the amide I band at time t and at time t = 0 respec-
tively, bath values being corrected for film thickness, Figure 2 shows
evidence of an induction period for the reaction, which is particularly
noticeable i n the curve obtained at 25'C. In general, the induction
period increased with an increase in the size of the aci d-anhydride
molecule and decreased with an increase in the temperature, The i nduction
period could be completely elimir ated by pretreatment of the film sample
in methanol for several hours at the temperature at. which acylation is to
be carried out, which shows that the induction period fs due to the time
required for the methanol to swell the film before diffusion of the anhy-
dride inta the chi tosan can take place� . All the ali phatic-acid anhydrides
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required approximately simflar reaction times for complete N-acylatfon,
on the order of 10-12 hours, but benzoic anhydride was considerably
slower, and reaction times in excess of 72 hours were required for full
N-benzoyl ation at 25'C.

Approximate values for the Arrhenius energies of activation have been
calculated from the measured rates at 25'C, 35'C and 45'C. These are in
the order of 95-90 kJmol l for acetic, propionic and butyric anhydrides,
and about 75 kJmol ' for hexanofc anhydride. The value for benzoylation
was not determined. Although the values for acetic, propfonic and butyric
are c'lose together, they do form, together with that for hexanoic anhy-
drfde, a series in whfch the energy of acti vatfon decreases with an in-
crease in size of the anhydride molecule.

0-acct 1 ati on of N-ac 1 chi tosans

A series of films of N-acyl chitosans were prepared at room tempera-
ture using methanolfc solutions of acetic, propanofc, butyric and hexa-
nofc anhydrides. In addftfon, H-benzoyl chitosan was prepared by reflux-
ing fn a methanol fc solution of benzoic anhydride. After the N-acylatfon
was complete, the films were steeped overnight fn alcoholic potassium hy-
droxide �fl! to remove any 0-acyl groups �-7!. The films were then
acetylated for 1 hour at room temperature in either acetic anhydride/gla-
cial acetic acid/perchloric acid, or acetic anhydride/pyrfdine. The ex-
tent of' 0-acetylation was measured using the absorbance of the carbonyl
band at 1740 cm ' and the 3450 cm ' band as an internal standard.

The ValueS Of Alza  COrreCted fOr film thiCkneSS! are plOtted againSt
the calculated length  of the respective H-acyl groups in Figure 3. This
shows that fn both acetylatfon media the extent of reaction of N-acetyl
chitosan is very small and that there is only a slight increase in the
extent of 0-acetylation when the substrate is changed to N-propionyl chito-
san. However, there is a 12- to 15-fold increase on changing the substrate
to N-butyryl chitosan, followed by a further small increase with N-hexanoyl
chitosan. These results show that the spacing between the polymer chains
is the controlling factor in the 0-acetylation of chitosan and that there
fs a critical separation between chains below which 0-acetylation does not
occur to any appreciable extent. Further separation of the chains above
this critical distance has only a small effect upon the ease of acetyla-
tion. Although the N-benzoyl group fs intermediate fn length between the
N-butyryl and the N-hexanoyl groups, its influence on the ease of
0-acetylatfon is less than that of either of these, but greater than that
of the N-propionyl group. This may be due to the planar nature of the
benzene ring, which means that the H-benzoyl group will only separate the
polymer chains in one dfmensfon, while the aliphatfc acyl groups will
cause disruption in two dimensions.

CONCLUSIONS

The work reported here demonstrates that the major obstacle to the
ready acetylati on of chitosan and chitin is one of restricted accessibf lf-
ty of the polymer chains. Although protonatfon of the amine groups of
chf tosan would be expected to reduce the extent of N-acetylation, it would
appear to have little effect on the extent of O-acetylatfon, as evidenced
by the similar difficulty in 0-acetylating chi tosan film both before and
after N-acetylatfon,
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Facile, selective N-acylation of chitosan films can be carried out
usi~g carboxylic-acid anhydride/methanol mixtures. When the reaction is
carried out on untreated chitosan films, there is an induction period,
but this can be removed by presteeping the films in methanol. The exper-
imental activation energies for N-acylation decrease with an increase in
the size of the anhydride molecule.

The ease of 0-acetylation of N-acyl chitosans increases with an in-
crease in the size of the N-acyl group, with a dramatic increase 1n going
from the N-propionyl to the N-butyryl chitosan, Further increase in the
size of the N-acyl group has only a small effect on the ease of 0-acetyla-
tion.

The results of this work are being used to produce a var1ety of
organosoluble derivatives of chitosan for characterization and study.
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CHITIN FROM MARINE ORGANISMS AND ITS USE AS AN ADHESIVE

G. Sundara Rajulu and N. Gowri

Department of Zoology, Extension Centre
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Coimbatore 641004

India
ASSTRACT

from the polytoa ;~c ocellaria be tholetti ga e a greenish
brown color reaction with the typical chitosan test, and when the alkali
treatment was prolonged for an hour, a violet color reaction. Sugar chroma-
tography disclosed that the chitin contained, in addition to glucosami ne,
fucose, which seemed to be responsible for the atypical color reaction,

Po ified chiti ~ from tie o le t ates iobola ia sp., ~ph saris sp.,
gelell ~ sp, ~por ita sp. nd M~ftri p co t ~ i ed gl cos, g ls to
and mannose in association with glucosamine. The coenocium of the ptero-
b a h R~hbd 1 sp. yield.d ident' 1 s its that of g. bertholetti.

Chitin from these marine organisms could be used to prepare good-quality
adhesive. The alkali-purified chitin was completely soluble in 70K sulfuric
acid at room temperature to give a brown solution. After neutralizing with
17% alkali, a xanthate was prepared by stirring the solution with carbon
disulfide. The xanihate was a golden brown viscous fluid which served as a
strong adhesive for decorative and commercial plywood, hard board and furniture
joints. The concentrated solution could be spread to prepare films or
sheets of various thicknesses, or i t could be drawn into fine fibers.
These became brownish, hard and vitreous upon drying. The paste that formed
when highly concentrated cou'id be used as a molding compound,

INTROOUCT!ON

The chitin from the cuticle of Polyzoa is of special interest, While
Richards and Cutkomp �! reported that it gave a greenish brown color
react~on to the chitosan test, Hymen �! reported that it gave a typical
VIOlet cOlOr reaCtiOn, ThiS differenCe iS Still tc be explained, NO X-ray
di ffracti on study has yet been done on the chitin from this aberrant
group.

In Coelenterata, chitin occurs in the periderm of hydrozoans, in the
pneumatophore of Siphonophora and the coenosteum of Millipora. Rudall
 8! observed that none of the coelenterate specimens studied by him gave
the highly crystalline x-ray diffraction pattern tha t could be obtained
from puri fied arthr opod chitin. He suggested that coelenterate chi tin
may have a second principal sugar component, but little is known of this
secondary consti tuent.

The present investigation attempts to throw some light on these problems.
Incidentially, it was found that an excellent quality of adhesive can be
prepared from the chi ti n of these marine organi sms .
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EXPERIMENTAL

The marine organisms used in this study are listed in Table 1. Materials
fixed in 5X formalin  in sea water! were decalcified with aqueous EOTA at
pH 3 �!. The decalcified material was boiled in 5% KOH solution for 24
hrs, fo11owed by prolonged washing in cold water  9!. The resultant material
was used for all further studies.

The chi tosan test and its variants were performed according to Krishnan
and Sundara Rajulu �!. Nitrogen was estimated by the microkjeldahl method
of Steyermark  9!. Hydrolysate of the material was prepared in sealed
vessels with 6N HCI at 100' C for 12 hrs, unless otherwise stated, After
drying the hydrolysate over Pg05 and KOH, the residue was taken up in
water and run on paper-partition chromatograms, using 8 different solvent
miXtureS  Table 2!, The ChrOmatagramS were Sprayed With aniline hydr Ogen
phthalate, silver nitrate, or E1son and Morgan reagents � !. The relati on-
ships of gl ucosamine wi th the other sugars was studi ed . using Oowex 50-
X8- H+ columns  I!.

The x-ray photographs were taken in a cyli ndr ica I camera after drying
the material in vacuo over phosphorous pentoxide,

RESULTS

Chitosan test

For a typical chi tosan test involving treatment with saturated alkali
for 30 min at 160' C, the chitin from S. bertholetti gave a greenish brown
color reaction; but when the alkali treatment was prolonged for more than
50 min, it turned to violet. Similar reactions were obtained by the
coe ocl of ~hhahdo le ra sp. soil Ilp the mate fels f o 11 the fi e
species of coelenterates studied.

Nitr~o en content

The nitrogen content of the chitin from the materials studied is given
in Table 1. The values range from 4,2'4 to 5,9S.

Table 1. Nitrogen Content of the Chitin from Some
Oifferent Species of Marine Organisms

S'1, Mo, Name of Species Nitrogen X

~hc 11
bertholetti Whole colony

Coenocium

Coenosteum

~Rh hdo leo a p.

Tubularia sp.

~ph salia sp,

Velella sp.

~Por ita sp.

~m'Ill * p.

 Polyzoa!

 Pterobranchia!

 Coelenterata!

 Coelenterata!

 Coelenterata!

 Coelenterata!

 Coelen terata!

Whole colony

Pneumatophore

Pneumatophore

Pneumatophore

5.9

5,7

5.3

4.4

4.2

4.6

4.3
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~Sa ~ ~ a1 ses

Chromatographic analyses of the hydrolysate of the chitin from all the
species studied revealed the presence of one or more neutral sugars in
addition to glucosamine  Table 2!. The neutral sugars are glucose,
galactose, mannose and fucose.

Studies on cation-exchange co'lumns

It was noted that the neutral sugars passed through the Dowex 50- Hf
columns, while glucosami ne was retained by the res i n, when the material
was hydrolyzed for 12 hrs. When the hydrolysis was only partial, after
only 6 to 7 hrs, the neutral sugars were also retained by the cation-exchange
resin and eluted along with the glucosamine in all cases.

S-r diffraction studies

The x-ray diagrams obtained for the purified chitin from the cuticle
of the polyzoan and the coenocium of the pterobranch are given in Figure la
and lb. It was seen that, in both instances, there are resemblances to
that yielded by the 6-chitin from the ~Loli o pen.

Chitosan sulfate cr stals from a- and e-chitins

It is well known that chitosan prepared from chitin by treatment with
hot saturated alkali is soluble in acetic acid and that a precipitate of
chi tosan sulfate is formed on the addition of dilute sulfuric acid. In the
present study, these chitosan spherite crystals were examined under an
ordinary light microscope. It was found that the chitosan sulfate crystals
from the ~- and 8-chitlns show distinct differences in their contour, as
shown in Fig. 2.

P REPARAT I Ohl OF ADHESIVE

An interesting observation from the cotnnercial point of view is that
the chitin from all these marine organisms can be used to prepare good-
quality adhesive. The procedure is as follows:

The alkali-purified and washed chitin was completely soluble in 70K
sulfuric acid at room temperature, giving a slightly brown liquid. After
neutralizing with 17% sodium-hydroxide solution at room temperature, a
xanthate was obtained by stirring the neutralized solution in CS2. The
xanthate was golden brown in color and gave a smooth solution.

The solution, in dilute conditi on, can serve as a strong adhesive for
decorative and commercial plywood, hardboard and furniture joints. The
concentrated solution can be spread to prepare films or sheets of various
thicknesses, or it can be drawn into fine fibers; upon drying, these
become brownish in color, hard and vitreous in character and almost
impossible to grind. The paste that forms when highly concentrated can
be used as a molding compound.
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DISCUSSION

The resu7ts reported in the foregoing study reveal that the greenish brown
chitosan color reaction is not an anomaly, but a definite phenOmenon, for
which the presence of sugars other than glucosamine seems to be responsib'Ie.
This could be inferred from the observation that in all the species of the
marine organisms studied a greenish brown chi tosan reaction was observed
and that in one of them neutral sugars, such as galactose, glucose, fucose
and mannose, were found along with the glucosamine,

The presence of neutra I sugars intrOduces the question of the nature of
the macromolecules or molecules to which these sugars are bound. The
obvious possibilities are �'i that these neutral sugars may be components
of one or more polysaccharides other than chitin, or �! that they may be
integral parts of the chitin itself.

Had a polysaccharide composed solely of these neutral sugars been
present, the neutral sugars c,hould have passed thr ough the resin irrespective
of the extent of hydro lysis . The retention of the neutral sugars by the
cation-exchange resin and their elution with glucosamine seem to indicate
that they may be integral parts of the chitin moiety .

The results of the nitrogen analyses of the materials in question sub-
stantiate the above inference. For arthropod chitin, which has only
glucosamine, the ni trogen con tent is 6 .4% �! . In contrast, the amounts
of ni trogen present in the ch i tin of the marine organisms studied are
lo er. 1 ~ the ioor coelente ate species, i.e., ~ph sails, Uelella, ~po ita
and ~hittt ora, the it ogen co tent ra ged ito 4.2 to 4.dt d th* al e
of nitrogen for the other three species studied are 5.3X to 5.9X. These
two ranges seem to be related to the number of neutral sugars present. In
the four species, there are two neutral sugars: the chitin from the
~ e ost oi th Nautilior ~ has galactose and a ose, hile the other th ee

species have glucose and fucose. In the other three species, in contrast,
there is only one neutral sugar, either glucose or fucose.

The explanation for these vesults can be that when there are more
neutral sugars in the chitin molecules, the nitrogen values are lower.
Conversely, in the presence of only one neutral sugar nitrogen content
increases.

These observations lend support to Rudall  8! who suggested, based on
x-ray diffraction studies, that the coelenterate chitin may have additional
sugar components. It might be added here that the chitin of the "bone"
of cephalopods also has two neutral sugars  9!.

CONCLUSION

Chitin has hitherto been ronsidered as N-acetyl D-g'Iucosamine, and it
is thought that this aminopolysaccharide has the same chemical composition
in all groups �!. The resul'.s recorded here, as well as those reported
by other workers  9, 11!, suggest that chitin from different sources may
not be chemically identical. The differences may relate to the constituent
sugars and nitrogen content, Kandaswamy  personal communication! records
differences in the amounts of acetyl groups in a- and a-chitins.
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The a- and 6- chi tins, which Previously could only be distinguished
on x- ray diffraction studies, can now be differentiated on the basis of
variations in the type of the chitosan spherite crystals yielded by them.
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C} b

Fig. l. X-ray diffraction diagram of the alkali puri-
fied chitin from S.bertholetti  a!, and that by the

coemoclom of ~Rhehdo deere.

Fig. 2. A chitosan sulphate crystal yielded by the
chitin from S.bertholetti  a! and that by the

chitin from P ' 1 net attmricana.
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ABSTRACT

Chitin is an important material found in the skeletal structure of ar thropods
and in other invertebrate groups, In all cases, protein is bound by covalent
bonds to the chiti n, formi ng stable complexes, with the result that numerous
workers have reported the impossibility of prepari ng an uncontaminated sample
of chitin.

The present work reports a possible method for obtaining the purest possible
sample of chi tin . When all pr oteinaceous impuri ty was removed, chitin also
showed several properties that suggested possibilities for commercial exploita-
tion.

The materials used were the cameo marioe c ahs. ~ae tu es sa ui ole tu
and Uca pugilator, in different stages of the molt cycle: soft crab Stage A!,
paper-Shell Craah  Stage B!, hard Crab  Stage C!, and pillanS  Stage D3 and D4!.
Nitrogen estimations of the alkali-purified material showed that the values
were from 6.50% to 6.54K in A, B and C, and in the pillans stage, from
6.9OX to 6.92K, very near the theoretical value of 6.89K. This result indicates
that the chitin from the cuticle in the pi llans stage could be maximally
purified.

This finding was substantiated by other observations. The ninhydrin
reacti on was only faintly pos i tive for the puri fi ed material in the pi 1 lans
stage. The chromatograms of the hydrolysate of the material disclosed only
one unidentifiable feeble spot with ninhydrin in this pillans stage. In stage
C, three amino acids were present, and in stages A and B two amino acids were
found. These observations suggest that chi tin in the cuticle of the crustaceans
studied can be purified to the maximum possible extent in the D3 and D4 stages.
The commercial advantages of the chitin obtainable in the pillans stage over
that in the other stages are discussed.

INTRODUCTION

Chitin is an important structural material found in the cuticle of arthropods
and in the skeletal structures of other groups of invertebrates �!. Numerous
workers have reported that protein has been bound by covalent bonds to chitin,
forming stable complexes, and that it is consequently impossible to prepare
samples of chitin that are not contaminated �, 7, 8!, The present investiga-
tion reports a possible method for obtaining the purest. possible samples of
chitin, The purity was tested by analyses of protein and amino acids, nitrogen
estimations and x-ray diffraction studies. In the absence of any proteinaceous
impurity, the chitin produced a chitosan sample which in solution had a much
higher viscosity than t.he controls did.
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EXPERIMENTAL

The t lal sed e e th srlne . ahs ~ne t nes ~san olentus and
Uca Uuuitato, h'ch are comnontd snail ahle along the grnakula coast ar 1 ~ dl ~ .
Every natural collection contains these crustaceans in various stages of the
molt cycle: soft crab  stage A!, paper-shell crab  stage B!, hard crab  stage C!
and pillans  stages D3 and D4!, according to the criteria proposed by Travis
�0!,

In a'll these caSes, the cuticle was freshly obtained and freed from the
underlying tissues by manua 1 clean i ng in sea water . The material was later
purified by boiling in 5% NaOH for 24 hrs �!. The residue was collected,
washed in tap water several times, in ethanol 3 times and in ether 3 times,
and finally dried in vacuo over phosphorous pentoxide. The dried material
was used for all further studies.

Nitrogen estimations were made by the standard microkjeldahl method of
Steyermark  9!. The hydrolysate of the material was prepared in 6N hydrochloric
acid in sealed vessels at 100' C for 12 hrs. After drying the hydrolysate
over KOH and phosphorous pentoxide, the residue was taken up in water and
analyzed by 2-dimensional paper-partition chromatography. The solvent for the
fi rst, run was 2-butanol and 3Ã ammonia �: 2, V/V ! and, for the second run,
2-butanol, aCetic acid and water �5:3:2, V/V/V!. The amino acids were
identified by specific spot tests �! as well as by comparison with standard
amino acids run simultaneously under conditions identical to the controls.

The x-ray photographs were taken in a cylindrical camera, after the materia 1
was dried in vacuo over phosphorous pentoxide.

A chitosan solution was prepared according to the procedure outlined by
Moorjani et al. �!, and the viscosity was determined by the Ostwald technique.

d l~t
t2

of chi tosan solution

Relative viscosity =

where: d = density1
t = time of1
t2 = time of

flow for chitosan so1ution

flow for the same volume of water

Absolute viscosity = relative viscosity x 0.00895 poises,
where 0.00895 is the absolute viscosity
of water at 25' C

RESULTS

Nitro en estimation and ninh~drin reaction

The ninhydrin reaction is only very faintly positive for the purified
materials in the pillans stage which is the lowest amount of all the stages
tested  Table 1!.

Nitrogen estimations of the purified chitin show that the values are 6,50K to
6.54K in stages A. 8 and C, and 6,90% to 6,92$  Table 1! in the pillans stage.
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The chromatogram of the hydrolysate of the materials discloses only one
unidentifiable feeble spot with ninhydrin in the pillans stage, In
stages A and 9, histidine and aspartic acid are present, while
in stage C three ami no acids  hi tid inc, aspartic acid and g lutamic acid! are
found,

Table 1. The Nitrogen Co~tent and the Ninhydrin Reaction Shown
by the Chitin of the Cuticle of Crabs in Various

Stages of yiolting

Nitrogen Content
c *

Ninhydrin
Reactionlhiolting Stages

+ +
+++

+ +
+ -h+

Average of 5 estimates

Key for ninhydrin reactions: + faintly positive
+ positive

++ strongly positive
+++ very strongly positive

K-ra diffraction studies

The x -ray diffraction patterns are sharp and well defined, without any extra
reflections typical of o-chitin in the pillans stage  Fig. 5!. The patterns are
diffuse in the other stages studied  Fig. 6!.

lh co e lat annanta e of hiti i~the l1~1ans sta e

Chitosan was prepared from the chitin of the cuticle of two species of crabs
in different stages of the molt cycle by deacetylation with saturated sodium
hydroxide at 100' C for one hr. The thoroughly washed chitosan � g! was
dissolved in 100 ml of 2% acetic acid. The viscosity of the solution was then
studied.

From the data presented in Table 2, it can be seen that the chitosan solution
prepared from the chitin of the cuticle in the pillans stage is more viscous
in both the species than those from the other stages. The relative viscosities

Chromato ra hic ana! ses of the amino acids

~ . ~san ~ i slant s

Soft crab
Paper-shell crab
Hard crab
Pil lans crab

II. hufs t.n

Soft crab
Paper-shell crab
Hard crab
Pillans crab

6,54
6.51
6,50
6.90

6. 52
6. 53
6,51
6,92
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Table 2. Viscosity of the Chitosan Solution Prepared from
the Chitin of Crabs in the Various

Molting Stages

I4lolting Stages Relative Viscosity Absolute
Viscosity

ii. ~ ~ ~ r iin~0a1 i t s

Soft crab
Paper-shell crab
Hard crab
Pillans crab

176.7
118.2
74,3

367.5

1.4321
0.6514
0.5229
3.1650

U. pu~ltor

Soft crab
Paper-shell crab
Hard crab
Pillans crab

1.1530
0.6256
0.3641
3,0780

142.2
111.9
56.4

346.1

*Expressed in poi ses of 1 t chitosan in 2N  W/V ! acetic acid

DISCUSSION AND CONCLUSIONS

It is known that the theoretical value of n itrogen in chitin is 6.89K �!.
This value is never obtained in nature, however, because of the protein contami-
nant found in the chitin which forms stable comp'Iexes with it �!. In all
prior studies, the chitin from the cuticle of arthropods in the intermolt
stages was studied for this purpose �!. But since in the intermolt stages
the cuticle is fully hardened and polymerization of the various components is
completed   5!, it should theoretically be possible to obtain a less contaminated
sample of chitin in the earlie~ stages of the molt, cycle.

This has been achieved in the present investigation. The nitrogen values
of the chiti n obtained from the two species of crabs studied are 6.90K and
6.92' from the pillans stage, which is very near the theoretical value. In
the other stages, the values are much lower, from 6,50% to 6.54K; it was
therefore inferred that the purest possible chitin sample could be obtained
from the pillans stage. In this stage, the chitosan solution is more viscous
than in the contaminated state. The viscosity of the chitosan solution
could be of great value to textile and paper industries for use as a sizing
and adhesive material �!.

of the chitosan solutions from the pillans stage are 367,5 and 346.1; the absolute
viscosities from this stage are 3.165 and 3.D78 poises. The highest viscosity
from the other stages is less than ha]f of these values.
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Fig. l. Two dimensional chromatogram of the hydrolysate
of the purified chitin from the cuticle of
~.~anquino notus  a!, and U. ~u ilatar  b!

in pillans' stage

Fig. 2. Ywo dimensional chroratogram of the hydrolysate
of the purified chitin from the cuticle of
N.stlui plant s   ~ !. a d ~U. ilato  b!

in soft crab stage

Fig, 3. Two dimensional chromatogram of the hydrolysate
of' the purif'ied chitin from the cuticle of
~N.san ulnolent s  a!, d ~U. ~ 11 t  bl

t ~ paper stall stag
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Fig. 4. Two dimensional chromatogram of the hydrolysate
of the purified chitin from the cuticle of

in hard crab stage

Fig. 5. X-ray diffraction figure given by the purified
chitin from the cuticle of R.~san uinolentus

in 'pillans' stage

fig. 6. K-ray diffraction figure given by the purified
chitin from the cuticle of hl,san uinolentus

in 'hard crab' stage
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META1.-8 INDING PROPERTY OF CHITOSAN FROM PRAWN WASTE
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India 682003

ABSTRACT

Three samples of chitosan were prepared from a single species of prawn
waste, comprised of head and shel'I. Three different temperatures
�00 4 2 C, 90 + 2'C and room temperature, 28- 30 C! were employed at the
stage of deacetylati on . Assessments were made of the samples for their
differences in metal-bindinq capacity  Cu++ from aqueous solution of cop-
per sulfate!, if any, as influenced by the temperature of deacetylation
and its probable relationship with vi scosity . The adsorption of Cu++ by
chitosan is found to be almost independent of the temperature of deacetyl-
ation, while significant variations occur in viscosity � it increases as
tempera ture decreases, The adsorption of copper From copper-sulfate
solution on ch i tosan was rapid at the initial stages, wi th a maximum rate
of removal occurring during the first few minutes, After one hour of
treatment, the reaction slowed down and became nearly complete in
three hours, The capaci ty of chi tosan for binding different metal ions
 Cr+++, Ni++, 2ni+, Fe+++ and Mn+i! from their salt solutions was also
studied. The ra te of adsorption of these metals was in agreement with
the observation for copper . Viscosity and adsorption capacity of chi tosan
are, therefore, qualities independent of each other.

INTRODUCTION

The prawn-processing industry of India turns out over 40,000 tons of
waste, mostly of head and shell. Prawn shell contains chitin, the
cellulose-like substance that is its main structural component. The
deacetylated derivative of chitin called chitosan is known to have poten-
tial application in a number of industries, such as textiles, paper, cos-
metics and food. The utilization of prawn waste for the preparation of
chitosan can, in addition to solving the problem of the disposal of huge
quantities of waste, promote another small-scale industry. This possi-
bility has created so much interest that a number of research prOgrams on
different aspects of the production and application of chitosan are being
carried on in India. Earlier works reported on chitosan �,4,6,7! mainly
describe the effects of various processing parameters  such as the temper-
ature at which deacetylation takes place and the concentration of acid
used for demineralization! on the quality of the chitosan as determined by
its viscosity  IK solution in lf acetic acid!. The capacity of chitosan
conditioned in amrenium sulfate and/or su1furic acid for collection of
metal ions has been discussed by Muzzarelli et al. �!. Reports on the
assessme~t of the quality of chitosan based on any property other than
viscosity measurements or on any other possible quality control parameter
that can be reliably applied in industrial producrion have been scarce. A
number of known and potential uses of chitin and chitosan and explanations
of research and development programs and operatiors of pilot plants have
been published �!. The film-forming capacity of chitosan and chelation
of heavy metal ions from their solutions have also been studied �!. Be-
cause chitosan samples prepared in our experiments showed great variations
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in their viscosities, depending upon changes in the processing conditions,
it was felt necessary to study the properties of chitosan, other than vis-
cosity, that could be used as a reliable index for quality. The capacity
of chitosan to adsorb metals from their salt solutions as influenced by
the temperature of deacetylation and the rate of adsorption as influenced
by viscosity are both discussed in this paper.

MATERIALS AND METHODS

Three different samples of chitosan were prepared from a single lot of
prawn-shell waste derived from a single species of prawn and collected
from a prawn-processing factory at Cochin. Fxcept for the temperature at
which deacetylation was carried out, all conditions of preparation of
chitosan were kept constant. Deacetylation was effected at 100 + 2 C for
sample no. 1; 90 + 2'C for sample no. 2; and at room temperature
�8-30'C! for sample no. 3. The samples had viscosities of 155.3, 430.4
and 902 rp. respectively, in a IX solution in 1$ acetic acid.

For determining the adsorption capacity, 1 g of coarsely powdered chi-
tosan  sample no. 1! was added to 100 ml of dilute salt solution with a
known concentration of Cu++, Crt++, Ni++, Zn++, Fe++~ and Mn++ and sampled
periodically. For determining the rate of adsorption compared to viscosi-
ty, 1 g each of all the three samples of chitosan was added to 0.1 M
copper-sulfate solution, samples were drawn every 10 minutes, and residual
copper i n the solution was estimated. viscosities of the respective sam-
ples were determined on a 1% solution in IX glacial acetic acid at room
temperature. using a Redwood Viscometer no. 1250.

RESULTS AND DISCUSSIDN

Figure 1 indicates the quantity of copper sulfate adsorbed from the
solution against the time of treatment for all the three samples studied.
The rate of removal of copper sulfate from the solution is generally at a
maxirrum during the first 60 minutes; thereafter it proceeds slowly and
becomes more or less complete after three hours. Though there is a slight
i ncrease in the rate of adsorption in the initial stages wi th sample no. 3
and less so with sample no. 2, both become slower and the maximum adsorp-
tionn is lower than that of the other two samples, There is not much di f-
ference in the adsorption properti es of samples no . 1 and no. 2, with the
maximum adsorption of sample no. 2 slightly less than that of sample no. 1
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Table 1. Adsorption of Metals by Chi tosan
from Salt Solutions

0uanti ty Adsorbed  mg/g!
Cr +++ Ni ++ Zn r-+ Fe+++

Time in
Minutes C u++ Mn++

80 1203 777 nil
131 1259 1165
152 1546 1261
312 1649 1359
327 1837 1456

30
60
90

120

747
1049
1245
1240
1526

1253
1353
1514
1514
1514

*Salts used and the initial concentration of the metal ion in solution
 g/100 ml!: copper sulfate. 0.6356; chromium aluminum sulfate, 0.7617;
n>ckel sulfate, 0.1469; zinc sulfate, 0.4634; ferric su'Ifate, 0.3794;
manganese sulfate, 0. 1989.

We observed �! that the temperature of deacetylation had a great in-
fluence on viscosity, and we considered viscosity as a suitable index of
quality. The present investigations show that viscosity had no signifi-
cant effect on the metal-binding property of chi tosan: the maximum
adsorption for the three samples studied was almost the sarrm. The pro-
gressivee i ncrease in viscosity exhibited by samples with a decrease in
temperature of deacetylation is therefore probably due to the greater
chain length of the polymer, since the extent of degradation of the
polymer chain mi ght have been less at lower terrpera tures . With an in-
crease i n temperature, there is a greater possibility of degradation of
the chain length; this accounts, perhaps, for the low viscosity of the
sample prepared at hi gh temperature .

From the foregoing, it appears that viscosity and affinity for metals
are properties independent of' each other. They cannot be used as a
general index of the quality of chi tosan for a process-control measure-
rrrent. Process controls during production of chi tosan should therefore be
selected to suit the application envisaged for the product.

As can be seen from the Table, there is a great vari ation in the affin-
ityy of chi tosan for different metals . 1n agreement with the observati ons
represented in Figure 1, the rate of adsorption of other metals by chi to-
san shows a peak value in the initial stages, which falls in the subse-
quent phases, The affinity observed among the metals tested varied sig-
nificantlyy; this observation may be of great importance in its industrial
applications for selective removal of metals .
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ABSTRACT

Chitin synthetase activity in cell-free extracts of the yeast cells of
Mucor rouxfi can be separated as particles with an average sedimentation
coefficient of 105 S. These spheroida'I particles. called echitosomes,"
measure 40-70 nm in diameter. Their appearance varies after negative
staining; some exhibit a well-defined shell 6-12 nm thick and have gran-
ular structures inside; others show no internal s tructure, but have a
pronounced depression of the external surface. In thin section, isolated
chitosomes appear as microvesicles with a tripartite shell.

Almost all the isolated chi tosomal chitin synthetase occurs in a la-
tent, "zymogenic" state that requires treatment with proteases for activa-
tion. The acid proteases from Mucorales are most effective. The proteo-
lyticc activation of the zymogen is blocked by pepstati n. These and other
properties of purified chitosomal chitin synthetase are similar to those
manifested by crude fractiong of the cell-free extract' .kinetics, require-
ment for divalent metals  Mg"+ or Mn2+!, stimulation by free N-acetyl-D-
glucosami ne, inhibition by the antibiotic polyoxi n or by uridi ne di phos-
phate. One notable difference between crude and purified preparations,
however, is the greater stability of the purified chitosomal chitin syn-
thetase zymogen against spontaneous activation and destr~ction.

Chi tosomes can be dissociated by treatment with digi tonin, The chitin
synthetase thus sol ubili zed has a sedimentation coefficient of I6 S and
retains most of the enzymatic properti es of the chi tosomal enzyme .

Upon addition of substrate  UDP-GlcNAc ! and activators ~ chi tosomes
undergo a seemingly irreversible sequence of transforma tions. The inter-
nal structure changes, and a coiled chitin microfi bri 1 appears inside the
chi tosome; frequently the shell is opened or shed, and a long extended
microfibril can be seen arising from the coiled microfibril.

Chi tosomes have been isolated from several qenera representi ng the
ago groups of f gi: iieu os o a erases � ascouycates!, ~yacchatou ces

cerevisiae  Hemiascomycetes, Mucor rouxii yeast and mycelial forms
Ezygo ycetes!, ~AI!o ~ s  chyt idfo ycetes!, ~ d A~i
~ht o ~ s  houohasidfo y t . Ife eg d the eh!toe s yt pI ic
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conveyor of chitin synthetase zymogen to sites of wall synthesis on the
surface of funga'I cells.

INTRODUCTION

The biosynthetic steps involved in chi ti n synthesis, from the conver-
sion of g'I ucose i nto N-acetyl -D-gl ucosami ne to its polymerization into a
long chai n of sugar residues joined by 8- 1,4 links, are fairly well known
�!, except perhaps for the lingering possibility that a lipid intermedi-
ate may enter into the final step s! of the pathway �7!. In all systems
studied so far, fungal and animal, uridine diphosphate N-acetyl-D-glucosa-
mine  UDP-GlcNAc! is the universal glycosyl donor  Fig. 1!.

As important as this knowledge is, it. leaves unanswered some fundamen-
tal questions of eh~tin biogenesis. Chitin is not a soluble product but
a highly ordered microfibrillar structure. Hence, we need to know how
the polysaccharide chains become assembled in an orderly manner into a
mi crofibri 1 and how these microfibri ls are integrated i nto the structure
of cell walls. The spatial and temporal components and controls of chitin
microfibril synthesis in fungal cells must be understood. Specifically,
we need answers to the following questions .' � ! where in the cell Is the
chitin chain synthesized; � ! how and where are these chains assembled in-
to a microfibril; �! where is chitin synthetase made and how is it trans-
ported to its site of operation; and �! how is chitin synthesis regulated
and coordinated with other concomitant aspects of wall growth? In the
last decade, the search for answers to these questions has been initiated,
Progress has been made in the following areas:

1 . With respect to spatial controls, a major piece of the machinery of
Iocalized wall synthesis in funqal cells was iden tified by the discovery
that the actively growing regions of fungal cells, conspicuously the hy-
phal tips, have a large accumulation of cytoplasmic vesicles of different
size and stainability in the vicinity of the expanding walls  9,11,12!.
These secretory vesicles are the likely candidates for explaining the spe-
cific discharge of enzymes and/or precursors for wall growth at precise
sites on the surface of the fungal cell where wall expansion takes place.
Several lines of evidence indicate that cell-wall microfibrils are not
preformed in the cytoplasm and then exported to the wall �,2!. It is
more likely that, mi crofi bri 1 assembly takes place in situ, Accordingly,
the process of delivering chitin syn thetase to its final site of operation
is a pivotal component of the mechanism of chi ti n fibri 1 1 ogenesis in
fungi.

2, With respect to temporal controls, Cabib and co-workers �,7! dis-
covered an important, perhaps the principal, mechanism for timing the
operation of chi tin synthetase . They found that the chi ti n synthetase in
Saccharom cet spp. can exist in a latent zymogenic form. Upon treatment
wit protease B, the zymogen is activated . The system has an additional
controlling factor--a soluble protein which serves as a specific inhibi-
tor of protease B, In their model, the zymogen is visualized as being
located in the plasma membrane; its activation occurs with the arrival of
protease-carrying vesicles.

3, Before 1974, the evidence for chitin biosynthesis in fungi rested
exclusively on radi otracer studies showing the incorporation of radi o-
activi ty from UDP-GlcNAc  iabeled in the glycosyl moiety! into an
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insoluble product  8,10,13-15,18,19!. The sources of chitin synthetase
were various crude particulate fractions obtained by centrifugation of
Cell-free extraCtS. ThiS preCluded any ObSerVatiOn Of either the enZyme
or the product. The product was identified by its solubility properties
and digestibility with chitinase. In 1974, studies from the yeast form
of Mucor rouxii �0,21! revealed that the chitin synthetase of crude
memErane preparations  e.g., mixed membrane fraction, or MME! was highly
zymogenic and unusually stable. 4 procedu re was discovered to separate
Chitin SynthetaSe fr am Other COmpOnentS Of the Crude MMF �0!: the MMF
was exposed to chitin synthetase substrate  ULP-GlcNAc! in the cold and
centri fuged at, 81,000 g for 30 min� . A transparent "solution� ' of chitin
synthetase was thus obtained which, upon incubation at 20-25', produced a
copious precipitate of microfibrils indistinguishable by electron micro-
scopy  shadow-cas ting !   Fig� . 2 ! or x-ray di ffracti on   powder camera! from
micr ofi bri 1 s formed in vi vo   20! .

4. Electron microscopy of shadow-cast preparations of "solubilized"
chi ti n synthetase, incubated with substrate and activators, indicated
that chi ti n microfibri ls were formed fr om particles containing chitin syn-
thetase that appeared as "granules" measuring 35-100 nm �3!. Some of
these granules could be seen attached to the ends of microfibri ls, The
particles containing chitin synthetase could also be recovered directly
from a high-speed supernatant of the cell-free extract. Subsequent de-
tailed examinations of these particles by negative staining revealed a
more complex structure than that seen by shadow-casting; furthermore, the
particles underwent an extensive transformation duri ng microfi bri 1 synthe-
sis   4!, These s tructures contai ni ng chitin syn thetase were named
"chi tosomes" �!.

The remainder of this article is a summary of our observati ons on
chitosomes,

CHITOSOMES

Isolation and mor hola ical characterization

Part of the chitin synthetase activity of cell-free extracts of Mucor
rouxii remains in the supernatant after walls and membranes are removae by
sedimentation at 1,000 g and 54,000 g respectively �2!. All of the chi-
tin synthetase activity i n this supernatant is in the form of chitosomes.

Chi tosomes can be separated and identified by the procedure depicted in
Fig. 3. The final step in this orocedure is a sucrose density gradient
centrifugation   Fig. 4 ! . Electron microscopic examina ti on of gradient
fractions �! shows a predominance of spheroidal particles, most of them
meas uri ng 40-70 nm in diameter in the peak fractions of chitin synthetase
activity  Fig. 5 ! . These particles, or chi tosomes, have a vari able mor-
phOlOgy. TwO majOr typeS haVe been reCOgniZed. Same ChitOSOmeS  CyClOid
type! exhibit a well-defined shell 6-12 nm thick and have an internal
granular appearance  Fig. 7!. Others show no internal structure but have
a pronounced depression of the external surface   proctoi d type!  Fig, 6! .

Thin sec tions of pelleted chi tosomes reveal s tructures in the same size
range as those seen by negative sta i ning   Fig� . 8! . The structures are
bounded by a shel 1 measuring only 6 . 5-7 nm thick in th i n section . The
shell has a tripartite appearance similar to that of a biological membrane .
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In thin section the chitosomes have the overall appearance of microves-
icles �!.

General ro erti es of chitosomal chitin .'; nthetase 22

In sucrose gradients, chi tosomes sediment as a single peak  Fig. 4 !
with an average sedimentation coefficient of 105 S, Chitosomes are ex-
cluded from Sepharose 69 or Biogel A-5m gel beds, but are included in
Sepharose 46 or 2B �2 ! . This behavior i s consisten t with particles of
the size found by electron microscopy, The median size of chitosomes in
the peak fraction is 60-70 nm.

The chitin synthetase of purified chi tosomes �2! has essentially the
same enzymatic behavior observed in crude fr acti ons o$ cell-free extr aCtS
of M. rouxii �,17,16,21!. The pH optimum is 6.5; Mg or Mn~at 5-'ID mM
is requi red for maximum activity. Mn++ is slightly more effective, but
it becomes highly inhibitory at higher concentrations. Free N-acetyl-D-
glucosamine  GlcNAc! is a strong stimulator, particularly at low substrate
concentration. GlcNAc is not incorporated into the chitin chain; its
stimulatory effect is allosteric �7,19!, GlcNAc seems to mimic the
effect of UDP-GlcNAc, which is the allosteric effector in vivo �7,22!.
Chitosomal chitin synthetase is inhibited by the antfbiotfc polyoxin D
with the same K. �.65 uM! obtained for crude chitin synthetase fractions
from mycelf um ok M. rouxi i   3!.
~Zso e icit

Nearly all the isolated chitosomal chitin synthetase of M. rouxif is in
a latent or "zymogenic" form that requires treatment with a protease for
its activation �2,23!. The acid proteases of Nucorales are the most
effecti ve activa ters . The proteolytic activation of the zymogen can be
blocked by pepstatin, an inhibitor of acid proteases  unpublished data!.

Sot etlicstio of chitosoeel hl~tf csothetsc

Chitin synthetase can be solubilized from chitosomes of M, rouxii with
0.5'X digitonin. The solubilized enzyme has a sedimentation value of 16 5
determined by centrifugation in sucrose-density gradients. The enzyme
thus solubi'ffzed maintains its initial zymogenic state and can be activa-
ted by acid proteases. Acti vation is prevented by pepstatfn. The pro-
duct synthesized by the solubilf zed enzyme is microfibrillar and has been
characterized as e-chitin by x-ray diffractometry  unpublished results!.

Electron microsco of mfcrofibril format~ion 4

Within 30 seconds after substrate and activators are added to a chito-
some suspension, clusters of chitin microfibrils can be discerned. In
short incubations  < 15 min!, the clusters of microfibrils are associated
with large numbers of rounded particles in the size range of chitosomes
 Fig. 9!. But these particles do not have the proctoid or cycloid appear-
ance of unincubated chitosomes. Instead, they consist of one or more
chitin fibrils coiled into a spheroidal clew or "fibroid"  Fig. 10!. A
long extended microfibril is frequently seen arising from such fibroids
 Figs. 10, 12, 13!, SOme of the fibroids retain a small or major portion
of the original chitosome shell  Figs, 11, 12!. This is a clear fndfca-
tion that the chitosomes produced these fibroid coils and the associated
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extended microfibrils �!.

The fibroid coils are probably the result of the chitin assembly being
confined within the chitosome shell. The role or significance of the fi-
broid coil is not entirely cIear; possibly fibroids are not formed in
vivo but are the result of fibril assembly in chitosomes that had not
opened up sufficiently during the initial stages of chitin synthesis in
the in vitro experiments.

In prolonged incubations of chitosomes with substrate and activation,
the proportion of fibroids to extended microfibrils is drastically re-
duced  Fig. 13!, The average thickness of straight microfibrils increases
with time of incubation �!. Thin microf92brils can be seen merging into
thicker ones  Fig, 13!.

Occurrence in other fun i

Chi tosomes have been isolated by the procedure shown in Fig. 3 from
several fungi representing the major groups of fungi  unpublished find-
ings!:

Or~anism~Grou

A~11am *: ~aro usChytri di omycetes

Zygomycetes

Kemiascomycetes

Euascomycetes

Basidiomycetes

Mucor rourii

Saccharoracas cereuisiae

~Neuros ora crassa

~Aa ic s A~so o s

Upon incubation with substrate plus activators, the chitosomes of these
fungi produce extended microfibrils and coiled fibroid structures similar
to those described for Mucor rouxii.

Occurrence in vivo

There is no doubt that the cell-free extracts of Nucor rouxii and other
fungi have at. least part of their chitin synthetase in the form of chi to-
somes . However, unequivocal proof for the existence of chi tosomes in the
living cell has not yet been obtai ned. Although a remote possibility re-
mains that chi tosomes are artifacts produced by fragmentation of larger
cellular structures during the severe cell-disruption procedure employed
 high-speed homogeni zati on with glass beads!, we believe that this was not
the case.  A! Experiments with cells labeled with 14C-choline or inorganic
32P-phosphate indicate that only a minute portion  < 1X! of the protein
and phospholi pid of the cell is associated with the tota'I chi tosomal mass
�2 !. Hence it seems unlikely that the chi tosome fraction represents mere
fragments of major membranous organelles� .   B! A chi tosome population can
be isolated from cells broken by milder procedures such as low shear homo-
genization of hyphae of N. rouxii with a razor-blade chopper  unpublished
data!.  C! NorphologicaT c~orre ates of isolated chitosomes can be found
in thin sections of unbroken cells of N. rouxii  D!. These are microves-
icles, about 35-50 nm in diameter, found e~t er suspended in the cytoplasm
among the ribosomeS Or located inside a larger multivesicular body.
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CONCLUSIOiN

Although the experimenta'I evidence is still limited, we can offer the
following hypothesis to explain the process of chi tin fibril forrrmtion by
a living fungal cell: chitin synthetase is probably produced as a zymogen
i n the endoplasmi c reticul urr and packaged in the form of chi tosomes . The
chi tosomes act as cytoplasmic conveyors of chitin synthetase and migrate
to the cell surface areas where wa'l 1 synthesis takes place. Upon reaching
the plasma membrane, a chitosome must in teract with it in some undetermined
manner, perhaps by fusi on or extrusion . Chi tosomal chitin synthetase prob-
ably ends up somewhere in the region of the plasma membrane-wall interface.
Whether it remains in the "periplasmic space" or becomes primarily affi lia-
ted with the plasma membrane or the wall is not. yet known. The chitin syn-
thetase zymogen becomes activated by cel'l- surface protease s ! . and the many
chi ti n synthetase subuni ts derived from, or contained in, a single chito-
some synthesize a corresponding number of individual chitin chains. These
chains assemble collectively into a long ribbon by the intrinsic forces of
crystallization of the chitin molec ules. A simultaneous or parallel mi-
gration of chi tosornes along with the 1 arger secretory vesicles associated
with growing walls could be a major device to coordinate microfibril syn-
thesis with other aspects of cell-wall metabolism �! that are necessary
to make a complete cell wall.
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illustrated! to remove precipitate before being applied to Amicon
filter. Samples were removed from the fr actionated sucrose gradient
and assayed for chitin synthetase activir.y  see pig. 4!.
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Fi.gs, 5-8. Chitosomes from incor rouxii �! . Fig. 5, negatively stained
sample from peak fraction of chitin synthetase  see Fig. 4! showing a predominance
of chitosomes of proctoid  P! and cycloid  C! appearance, Fig, 6, detail of a
procroid chitosome, Fig. 7, detail of cycloid chitosomc. Fig. 8, thin section
view of isolated chitosomes. Magnification Ear = 50 nm.
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Figs. 9-13. Synthesis of chitin rnicrofibrils by purified chitosomes �!.
Fig . 9, cluster of microfibril s with fi.braid coils produced after 5 rain
incubation. Fig, 10, detail of the fibroid coils, Fig, ll, chitosome
with a fibroid coil inside and part of the original shell. Fig, 12, chito-
some with a long extended nicrofihril. Note the fibroid coil inside the
chitosome shell. Fig. 13, cluste of long mlcrofibrils with few fibroid
coils produced after 30 min incubation. Hagnification Bar = 50 nm.
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IN VITRO CHITIN BIOSYNTHESIS BY CUTICULAR DISKS
OF MANDUCA SEXTA LARVAE IN "HE V INSTAR

Bruce P. Hettick and Maria L. Bade

Department of Biology
Boston College

Chestnut Hill, Mass. 02167

ABSTRACT

A simple yet efficient method of short-term culturing is described for the
quan titati ve analysis of chitin biosynthesi s by epidermal ti ssue of Manduca sexta
larvae in the V instar. After 1 hour of incubation at 21' C in 4 mori ie Robb s
phosphate-buffered saline solution �969! at pH 7.6 containing 14C-N-acetylglucosamine,
cuticular disks showed substantial production of chitin. The in vitro ra te of
synthesis was substantial compared to the calculated in vivo rate of 0.18ug
chi tin/mm2/hr. The use of such a system may have applications in studying other
biochemical pathways or inhibitors and represents the first step toward cell-
fractionation procedures.

INTRODUCTION

The complete pathway of chitin biosynthes is has been known for qui te a while
�, 4, 8!, Numerous fungal studies have reported substantial in vitro production
of chitin from uridine-5'-diphospho-N-acetylglucosamine  UDPAGmQ using microsomal
fractions �2, 16, 17!. Similar attempts to duplicate high incorporation rates using
animal microsomal fractio~s, however, have not exceeded 4X of the total label added
�, 6, 8, ll, 1 4!. Despite the large amount of chitin produced by many anima Is in
short, well-defined periods, higher rates of label incorporation have not been obtained
in the few published studies� . In additi on, j n v~i r studies have not calculated the
actual Lnnvi rate of chitin biosynthesis for the chosen animals. Evaluation of
the p ad ctian of chitin t~nvi ro with the al lated in viva rate would apiece
the relative measure of synthesis, such as the percent incorporation of total label,
with an absolute one, such as ug chitin/unit area/hour. In addition, a system that
is simple and would allow demonstration of rapid chitin biosynthesis has not been
reported for animal tissues,

EXPERIMENTAL

Calculation of the in-vivo rate of chit'

Larvae of the tobacco hornworm ~y .~ex g  Lepidoptera; Sphingidae! were
grown from eggs on an artificial diet  Bell, personal communication! and kept under
12D:12L light conditions at 25'. Animals were cultured individually in plastic
containers so that their -precise age after ecdysis to the fifth instar would be
known. At 12-hour intervals, larvae were eviscerated and the cu/icle scraped to
remove all soft tissues. A template was used to obtain 578.5 mm sections of cutie'le.
Protein was removed using a modified method of Hornung and Stevenson � !, Cuticle
was placed in hot 10'X NaOH for 30 minutes, rinsed and then placed in 89K formic acid
for 1 hour at room temperature. Rinsed sections were oven dried and weighed. Any
weight differences between successive intervals would be due to additional synthesi s
of chitin. Thus the amount of chitin produced per unit area per hour was calculated.
Figure 1 illustrates the relationship of chitin producti on and larval age as well
as the calculated rate of 0,18ug chitin/mm2/hr for the interval from 0 to 120 hours
post-ecdysis to the fifth instar.
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Pre aration of cuticular disks for in-vitro ~bios nthesis

Larvae 24-60 hours post-ecdysis to the V instar wer e eviscerated . The cuticle
was cleared of fat and muscle by gentle scraping. Cuticular disks of known area
were made reproducibly, using a f7 cork borer. Disks with intact epidermis were
immediately placed in test tubes containing I ml of chilled saline solution, to
prevent cell degeneration. When a'll the samples were prepared, the tubes were
warmed ta 21' C for 10 minutes prior to the addition of label.

Culture medium and conditions

Cuticular disks were cultured in 0.5 or I ml of Robb's phosphate-buffered
saline solution �5! which lacked CaCIZ, since preliminary results indicated
that CaCI 2 reduced the production of chi tin  Table 5! . N-acetylglucosamine  AGm!
was added to the medium to a concentration of 10 mM; pH at 7 .6 and incubatj gn at
21' C were found to be optimal for chitin biosynthesis  Tables 3 and 4!. «-acetyI-
I-g'iucosamine �4C-AGm! was added to the medium which was then stirred and incubated
for 1-3 hours.

Synthesis was stopped by the addition a about 5 ml of 10$ NaOH.
However, tests indicated that newly synthesized chitin was being solubilized, and
therefore rinsing and continued incubation of the disks for a total of 3 hours
were per formed  cold phase! to obtain more accurate rates of biosynthesi s .
Calculation of the i n vitro chitin bi os~nthetic rate

Following incubation, the disks wer e deproteinized as described for the
calculation of the in viva rate of synthesis. Each disk was placed in a scintillation
vial and then cut into fine pieces with Scissors. Ten ml of a toluene-POPOP-PPO
scintillation cocktail were added, 4nd the samples were counted for 10 minutes in
a Mark II scintillation counter. 14C counting efficiency was 60X. For each
concentration of AGm used in the medium, the theoretical incorporation of 14C-AGm
into chitin was calculated. In other words, a known amount of label should have
been incorporated to equal the calculated in vivo rate. The actual incorporation
of label was then compared to the in viva rate and presented on a percent basis as
in Tables I and Z.

RESULTS

Verification of chitin bios nthesis

The conclusion that C-AGm was incorporated into chitin is based on the following14

facts, First, chitin is ane of the few macromo'Iecules able to withstand the harsh
chemical deprateinization procedures. Next, enzymatic hydrolysis of labeled
deproteinized cuticle by chitinase and II-glucosidase  preSumably contaminated with
chitobiase  Jeuniaux, personal canmiunication]! produced a purple spot with the
Elson-Morgan test �0!. Descending chromatography of the hydrolysate using the
organic phase Of butanol �V!: acetic acid  IV!; water �V! �3! or 9N EtOH �V!:
HOAc �V!  9! produced a single purple spot which co-chromatographed with AGm.
Direct scintillation counting of 15 x 20 mm paper sections in toluene-POPOP-PPD
showed that the radioactivity present was correlated with the purple regions shown
by the Elson-Morgan teSt, In addition, micro-Kjeldahl analysis �! of deproteinized
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cuticle yielded a mean nitrogen percent of 7~ compared to the theoretical value
of 6.91' �0!. Finally, TH-6040  Dimilin!, a known inIiibitor of chitin synthesis
�, 18, 19! appreciably reduced the incorporation of 4C-AGm into disks at
concentrations as low as 6.4 x 10-16 M,

Effect. f AG ca ce t ati the inca~patio af C-Ahn i to rhitin14

Table 1 illustrates current typical efficiencies of incorporation compared
to the in vivo rate. Incubation was at 21' for 3 hours at a pH of 7,6, Disks from
larvae 2g-48 hours post-ecdysis to the V instar were made using a f7 cork borer.
8.8 x 10o DPM of C-AGm were added to 1 ml of Robb's saline minus CaC12  "n"
indicates the number of disks used!.

Table 1. Effect. of AGm Concentration on the
Incorporation of 14C-AGm into Chitin

Range of
ff'

Mean
Ef~ffcle cn Mean DPMAGm conc

34-60t

40-48%

20-62K

36-55%

15-48%

Effect~of i cote co ce tr ~ tion on~the incor a ation af C-AG i ta hitin

Table 2 illustrates earlier work in which the effect of glucose concentration
on the incorporation of 14C-AGm was examined. Conditions were essentially the
same as for Table 1 except that AGm concentration was at 5mM. Efficiencies are
based on the in vivo rate of synthesis  "n" indicates the number of disks used!.

Table 2. Effect of Glugqse Concentration on the
Incorporation of '"C-AGm into Chitin

Robb's Medium
Minus CaC12 Range of DPM Mean Efficiencyn Mean DPM

6,424-13,633

3,592-14,385
No glucose

.5mM glucose

lmM glucose

5mM glucose

10mM glucose

20mM glucose

5mM

10mM

1 5mM

20mM

40mM

17,597

8,252

5,160

3,930

1,383

9,040

10,632

8,500

10,050

7,817

10,568

47, 7t'

44. 37

44. 6t

42.2X

29.64

4,321-I3,806

9,628-10,300

7,078-8,341

7,398-12,294

24. 5X

28,8X

23. 0%

27, 2%

22, 2'X

28. 7X
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Effect of H on the incor oration of C-AGm into chitin14

Table 3 compares the incorporation rates vs pH for various Robb's phosphate-
buffered saline solutions. Results for the pH's tested are shown as the percent
incorporation at pH 7.6, where the rate of incorporation was maximal, Note the
secondary peak at pH 6,8.

Table 3. Effect of pH on the Incorporation
of 14C-AGm into Chitin

pH " ,of Maximal Rate

Effect of tern erature on the incor oration of C-AGm into chitin14

Table 4 illustrates the effect of temperature on the incorporation of C-AGm14
into chitin. Culture conditions were essentially those described under "Culture
medium and conditions.' Data are listed for each temperature as the percent of
incorporation at 21' C where the incorporation rate was maximal. Note the increase
in incorporation at 33 C,

Table 4. Effect of Temperature on the Incorporation
of 14C-AGm into Chitin

X of Maximal RateTemperature

75-8519

21 100

75-85

35-50

50-60

80-90

23

25

29

33

6,4
6.6
6.8
7,0
7.2
7.4
7.5
7.6
7,7
7.8
8,0
8.2
8.4
8,6

5-25
30-40
75-85
30-40
15-25
30-45
40-60

100
40-60
30-45
15-25
30-40
30-40
30-45
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Effe t f di modific ~ tio o the fnco~toratior ~ f C-AG ~ into chitin14

Table 5 shows the effects of changes in the composition of the Robb's
phosphate-buffered saline solution on the 1ncorporation of AGm into chitin. Tests
were per farmed at 21' C at a pH of 7.6. Section A lists results as the percent
of incorporation compared to Robb's complete medium. Section 8 presents the
results as the percent of incorporation compared ta Robb's sa11ne minus CaC12.

Table 5. Effect of Media Modification on the
Incorporation of 14C-AGm into Chitin

l of Maximal RateSolution

A. Robb's complete

Robb's ~inus CaC12
Robb's minus MgSO4

minus MgC12

100

230

1008. Robb's minus CaC12

Robb's magnus CaC12
plus 41 M ATP

Grace's modified medium
 contains CaC12! 17

DISCUSSION

1'hat the amount of chitin per unit area remains constant while the total chitin
per larvae is decreasing after approximately 144 hours was noted, and is at present.
under investigation,

The System examined the complete pathway of chitin biosynthesis, rather than
an isolated step, The particular optima for one enzyme may not reflect the optima
for the system as a whole. The bimodal curve of the effect of pH on the incorporation
af 14C-AGm  Table 3! may illustrate that point. The increase in activity at 33' C
was expected as a typical response in enzymatic act1vity. But the elevated temperature
may not allow prolonged stability and may also accentuate the variability shown by
the present system. Due to the relative crudeness of this System, 3-5 samples are
required for each data point. It was not possible unifarisly to control the condition
of the epiderm1s following removal of the other tissues. Epidermis such as that
11ning the carapace of the crayfish or lobster, which has min1mal muscle attachments,
may be 1deal for such procedures.

This is the first report of results in which in vitro data are compared to a
calculated in viva rate of chitin biosynthesis for animaT tissues, One test, which
did not utilize the add1tion of unlabeled AGm, indicated that 37% of the total label
was converted to chi tin by the cuticular disks, yet represented only 1.5% of calculated
in vivo rate. This suggested that relative values such as the percent of incorporation
of Taael might be misleading and may only detect the residua 1 activity of certain
enzyme systems, making evaluation of previous work on chi tin biosynthesis, in animal
systems in particular, very difficult. This is why an approximation of the in viva
rate of synthesis would be useful in assessing results and discussing implications.
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The rapid and substantial incorporation of AGm into chitin suggests that an
active AGm kinase enzyme is present in the larvae. This is especially likely
since the AGm was labeled in the acetyl moiety and since changes in the glucose
concentrati on failed to alter the incorporation of I 4C-AGm.

Current work involves the continued modification of media conditi ons and
procedures to increase the absolute r ate of incorporation . However, as Table 1
shows, the cond i tions used allowed substantial rate of synthesi s to proceed .
Isolated samples have equaled or exceeded the in viva rate of synthesis, but
conditions have not been found which reproducibVy provide such results. The use
of 14C-UDPAGm as a substrate may provide even higher rates of incorpora tion, since
AGm must pass through additional steps prior to incorporation and these may be
operating under less than optimal conditions, This would be especially true if
the present conditions are closest to those required by the enzyme chitin
synihetase.

This work is a first step toward ce11-fractionation procedures that will
examine chitin bi osynthesis and chitin synthetase from animal epidermis .
The present methodology allowed an evaluation of progress from in vivo to cell
fractionation and proved useful for the study of inhibitors, as seen by the
extremely low levels of TH-6040 needed tc depress chitin biosynthesis.
CONCLUSIONS

The abi'Iity of cuticular disks of Manduca sexta larvae in the fifth instar
t ~ p od c chitin f o 14-AG has been d~enmnstrate . At prese t, the optimal
conditions involve the use of Robb's phosphate-buffered saline solution minus
CaC12 at pH 7.6 at 21' C. One hour of incubation was sufficient to demonstrate
chi tin biosynthesis . The value of reporti ng i ncorporati on based on in vivo
r ates is discussed . The simplicity and relatively good efficiency of the
described system merits further consideration. Perhaps additional pathways
could initially be studied using such a system, avoiding the burdensome and
expensive aspec ts of more elaborate culturing procedures . The effects of cer tain
insecticides or inhibitors can readily be examined using this system.
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ENZYMATIC BREAKDOWN OF THE CHITIN
COMPONENT IN INSECT CUTICLE DURING THE MOLT

Maria L. Bade
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ABSTRACT

Insects degrade and resorb products of the old cuticle extensively
during the molt. Using a modified chitinase assay giving reproducibly
high chitinase activity, we have demonstrated that molting-fluid
chitinase has an apparent requirement for calc1um ions, although it is
inhibited by high levels of calci mx, It has a pH optimum near neutrality
when attached to chitin substrate. The high endogenous specific
chi ti nase activity previously reported as localized in old cuticle
during the molt, is shown to have its origin in molting fluid. Cuticle
ch1ti n is not accessible to chiti nase prior to exposure to molting
fluid, and evidence is presented suggesting that trypsin-like proteases
are involved in unmasking cuticle chitin so that molting fluid chitinase
can attach to it and degrade it to soluble products. Molting-fluid
chitinase activity can be separated into one fraction that adheres
tightly and specifically to chitin substrate and one that does not,
Molting-fluid chitinase activity adsorbed to chitin substrate separates
into two narrow adjacent protein bands during disc gel electrophoresis;
when eluted and separated after reaction with SDS, these give four
protein bands, The existence of several enzymes degrad1ng cuticle chitin
serially and combined into one or more chitinase complexes is proposed,

INTRODUCT IOIII

Insects, like other arthropods, ar invested with an exoskeleton
composed of chitin and protein which must be molted to permit changes 1n
size or, in the case of holometabolous insects, in shape. With respect
to the cuticle, the molting sequence may be said to begin with apolysis,
i.e., the old cutic1e is detached from the underlying epidermal cells
which previously secreted it �!. Following apolysis, the epidermal cells
lay down most of the outer layers of the new cuticle; this is followed by
extensive degradation of the old cuticle and resorption and reutilization
of the breakdown products �!. 1he sequence ends with ecdysis when the
remnant of the old cuticle is shed. During the molting sequence, the
space between old and new cuticle is filled with molting fluid. Passonneau
and Williams �7! showed the presence of both chitinase and protease
acti lty in nolti g fl ia f ~II ~al ~ nor ~ cec~o1a lt pia pte: gato ilaa t:
Jeuniaux and Amanieu  ll! investigated ch1tinase in molting fluid from
~Bomb x mori  Lepidoptera: Bombic1dae!, which was followed further in
Jeuniaux s monograph  9!, Bade reported the localization in molting
cuticle of very active chitinase showing high activity in the alkaline
reg1on �!; this activity rose to considerable height following apolysis
and declined abruptly prior to ecdysis �!. We are at present reinvesti-
gating the problem of cuticle breakdown dur1ng the molt in an effort to
discover more about the properties of the enzymes 1nvolved in it; using
these enzymes, we hope ultimately to elucidate details of the cuticle
structure of arthropods that are not readily accessible to purely chemical
investigation.
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Whenever "chitinase" activity is to be investigated, one is confronted
with a dec~sion as to the substrate to be used ahd the product to be
measured. This is not. the place to review and compare the many methods
utilized by various investigators; suffice it to say that chit i ns of
different origins do not give the same activity with the same enzyme,
even if rate of evolution of the same product is measured  M. 8ade,
unpublished! and that commercially available "chitin" fends to yield
substrate giving different and usually rather low rates of activity with
the same enzyme when substrates prepared in succes si ve runs of chemica I
preparation of chiti nase substrate are compa red. Substrate prepared
from crustacean cuticles may be inhibiting  Table I, Exper. 4.! and tends
to be so inactive that assay times of 3 to 6 hours for ch i tinase activity
are not uncottnton  R. Keller, personal coinnunication; 14, 15, 16, Okutani,
these Proceedings!.

Table I. Chit inase Activity Under
Various Conditions

Nanomo1 es
N-Acetyl gl ucosamine

-1x min x mg protein
Resi dual

ActivityAdditionsEnzyme Source

33.6
3.5

38.3
4.0

None
EDTA �.05M!
EDTA �.05M! + Ca � .05IvI!
Ca'+ �,1M!

None
EDTA �,1M!

100
10

114
12

Manduca Molting
Fl ui d

100
11

Streptomyces
 Sigma Chemical
Company!

11,4
1.3

Manduca Molting
Fluid

None
Ca++ � x 10 M!

10. 8
30.8

100
281

Manduca  molting!
Old Cuticle

12.6 100None
1,2 mg colloidal chitin
 from KLK "chitin" ! 0.4

* ++
Assayed in absence of added Ca

We now report that colloidal chitin prepared from larva'I cuticle of insects
consistently gives very high activity with chitinase preparations from both
insects and Streptomyces; its use, together with other modifications to be
mentioned below, peniiits us to assay chitinase activity in 10 minutes. Our
assay system contains in a total volume of 1.0 ml: 500 mM phosphate-acetate
buffer pM 7,0, 0,5 M CaC1, and 10 mg colloidal chitin substrate, Reaction
is initiated with 0.01-0,$ ml of enzyme; the mixture is incubated at 37'
with stirring for 15 minutes, and N-acetyl glucosamine determined �8! in
0.1 ml samples removed at 5 and 15 minutes. Our enzyme unit is defined as
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the amount of enzyme giving 1 nanomole of N-acetlyglucosamine per minute,
The presence of ample chitobiase activity should be ascertained with this
assay; this can be done by measuring the rate of evolution in the presence
of excess nitrophenyl N-acetylglucosaminide of material absorbing at 510 nm
with suitably diluted enzyme for 10 minutes, or alternatively chitobiase
may be added if this enhances the rate of production of N-acetyl glucosamine
in the assay �0!.

Several details deserve comment. A ten- Fold higher substrate concentra-
tion than recomnended in the literature �0! and customarily used  e.g., 15!
was necessitated by the finding that concentrations of chitin substrate of
1 0 mg/ml or higher are required to give maximal chi ti nase activity  Figure 1 !.
Both insect and Streptomyces chitinase appear to require calcium ions for
maximal activity  Table 1!; however, added calcium must be kept low since
insect chitinase is inhibited by calcium above about 50 mM  Table 1! and
molting fluid usually contains some calcium  Bade, unpublished!. As will
be presently shown, a part of molting-fluid chitinase is tightly absorbed
to chitin substrate; the absorbed chi tinase activity has a pH optimum near
neutrality  Figure 2!, i.e., much closer to the pH of molting fluid  M.
Bade, unpublished; A. Jungreis, unpublished, 12! than the acid pH optimum
previously reported . Al I activi ties here reported wer e, therefore, measured
at pH 7.0.

Ori in of cuticle chitinase

Localization of very high chitinase activity in Manduca old cuticle
has previously been reported �!; this activity has shown to be held
tenaciously and to rise abruptly following apolysis and to fall precipi-
tously prior to ecdysis �!. Wi h the use of highly active chitin substrate
it was possible to demonstrate a low grade chitinase activity in new cuticle
as well  Table 2!; however, chitinase activity in cuticle prior to apolysis
is directed entirely against exogenously added substrate . "Endogenous'� "
i,e., tightly held chitinase activity which needs no added exogenous substrate

Tabie 2. Chitinase Activity in Cuticle Prior to
Initiation of the Molt Sequence

mg N-acetylglucosamine per hour per mg protein

With Added Substrate Without Added Substrate

Chitinase in Premolt
Cuticle 0,18 + 0,187.3 + 1.3

++
24 experiments '+ std. deviation; all assayed without adding Ca

for its demonstration, can be el icited in cutirle harvested from Manduca larvae
40 hours prior to apo'lysis for the larval-to-pupal molt  Figure 3, curve B!;
chi tinase activity was measured by incubating cuticle fragments for the indicated
time with molting fluid, then washing them free of molting fluid and determining
rate of N-acetylglucosamine production from chitin endogenous to the cuticle
fragments. The phenomenon of development of endoqenous activity at a linear
rate epon incubation with molting fluid, together with ihuch additional
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evidence seeming'1y consistent with it, led to the proposal that chi ti nase is
laid down as the proenzyme in cuticle at, the time of cuticle synthesis and
that one of the functions of mo1ting fluid is the activation of cuticle pro-
chitinase at the tiixe of mo'Iting �,5!, However, the demonstration that similar
"endogenous" activity develops more rapidly to even higher specific acti vities
when cuticle fs depr oteinized prior to incubation with molting fluid  Figure 3,
Curve A! put an end to such speculation.

The gradual development of "endogenous" chitinase activity as intact
cuticle by incubating with molting fluid fs, therefore, in part apparently
due to gradual penetration of molting-fluid chitinase activity into the
fairly dense layers of cuticle chi in. It must, however, also be due in part
to a pr ocess which renders the chitin of intact cuticle competent to serve
as substrate for chitinase. It has already been mentioned that endogenous
cuticle chitin is not degraded by the low chitinase activity present in larval
cuticle prior to onset of the molt; as the molt progesses, cuticle chitin
becomes able, at first. gradually and then rapidly, both to attach molting-fluid
chitinase and to serve as substrate for it.

Cuticle transformation durin~the molt

One can advance several possible mechanisms for rendering cutie'1e chitin
initially unreactive, and explanations for later rendering it competent as
substrate would vary accordingly. One of these mechanisms, the activation of
a prochitinase, has been ruled out decisively. Another one, masking of
cuticle chitin by protein which is removed by a protease contained in molting
fluid, is made likely by the finding that the development of endogenous
chitinase activity in intact cuticle through exposure to molting fluid is
inhibited by trypsin inhibitors. This is shown fn Table 3. It can also be
seen that chi tinase reaction with col 1 oida'1 cuticle chitin is not affected
by the presence of the same inhibitors; it therefore appears probable that.
the effect of trypsin inhibitors is on some r eac tf on associated with the
state ot chitin substrate in intact cuticle rather than on chitinase itself.

The natur e of mal tin ch i ti nase

Following Jeunfaux �0! the chitinolytic system is commonly stated ta
consist of a chitfnase  EC 3,2.1.14!, which breaks down the substrate macro-
molecuie and smaller polymers, and a chitobiase  EC 3.2.1.2g!, which produces
N-acetylglucosamine from chi tobiose. The presence of a considerable level
of chi tobiase actf vi ty in Bombyx molting fluid has been confirmed by Kimura
�4, 15!, and we have demonstrated the presence of chitobiase fn molting fluid
as well as in blood of' the molting and non-molting Manduca larvae. However.
persuasive evidence exists suggesting that not all residues in animal chitin
are acetylated �9! and that animal chitfn is a glycoprotein, i.e., is co-
valentlyy attached to  cuticle! protein �0!. If one were to accept hydrolysis
of such chitin by a c hi tinol vtic system with just one chi ti nase, one would
have to postulate an enzyme with sa little specificity that it is equally ready
to brea k bonds in the vicinity of a ni trogen atom that bears a bulky acetyl
group and one that carries a fuli positive charge. Further. no provision
exists fn this scheme for hydrolyzing the bonds that may anchor the chftin to
protein. kle therefore propose that several enzymes act serially and together
to degrade animal cuticular chitin, dffferent enzymes splitting the acetal
bond involving the anomeric carbon adjacent to free and acetylated nitrogens,
respectfvely, and separate ones splitting whatever bonds bind chi tin to protein.
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Table 3. Chitinase Activity in Whole Cuticle vs. Chitinase Activity
with Colloidal Chitin: Effect of Trypsin Inhibitors

 n = number of trials!

X Residual Endogenous Chitinase Activity
Following Incubation with Molting Fluid

Insect Colloidal
ChitinAddi tion n Whole Cuticle n

8 100 4 20 2 100None

0-phenanthroline

TPCK  chymotrypsin
inhibi tor !

p-methyl sul fonyl fluoride

TLCK  tryps in inhibitor !
Soybean trypsin inhibitor

Ovomucoid trypsin
inhibitor*

2 117 + 17

3 42- 6

3 17+ 2

3 23 '

n.d.

97

n.d.

100

2 45' 4

2 17~ 1

99

n.d.DFP

*Assayed in the presence of B-hydroxyquinoline, which tends to enhance
chi tinase activity.

n.d.: not determined.

Are a Variety Of Chitin-Splitting enzymeS preSent in mOlting fluidl The
literature provides hints, and our own most recent work indicates that the
molting-fluid chitinolytic system may indeed be heterogeneous. In 1975, Winicur
and Mitchell �1! published a paper showing with each larval molt in Drosophila
a rise of enzymatic activity that splits chitosan. The authors called it
chitinase activity, but, as just stated, identity of chitinase and chitosanase
seems somewhat unlikely, Kimura in 1976 showed that molting-fluid chitinase
and chitobiase activity can be separated into several fractions by ammonium
sulfate precipitation and by salt gradient elution from DEAE-cellulose �5!.
Using our sensitive chitinase assay, we have shown that some of the chitinase
activity present in Manduca molting fluid adsorbs preferentially to chi tin;
thi s is shown on Table 4. Preferential adsorption of chi ti nase to chi tin has
been known for some time, and indeed was used by Jeuniaux in purifying
Streptomyces chitinase  8!. The interest in our new data lies in the following
observation; when molting fluid is treated once with chitin, 10X of protein
present  and 10% of protease ! is adsorbed to chitin, while over 50$ of chitinase
is adsorbed. A much smaller fraction of the chitinase left in solution is
ad~orbed to chitin, however, when the supernatant from the first adsorption
is cycled past chitin a second time; in fact, nearly the full amount that would
be present if the second chitinase adsorption were non-specific is recovered
in the supernatant from the second adsorption. Thus, molting-fluid chitinase
can be divided into a fraction that specifically and nearly irreversibly
adsorbs to chitin, and one that does not.
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Table 4. Adsorption of Chitinase to Chitin during
Successive Treatments of Supernatant with Chitin

Chitinase
Remaining in

Solution

Chitinase Chitinase
Initially present Precipitating

with Chitin

Enzyme Units EEnzyme Units Enzyme Units t

1st adsorption
Found 117 66 56 51

2nd adsorption
Found 31 20 26 84

Expected
with specific adsorption

Expected
wi th non-specific adsorption

17 56

28 90
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ULTRASTRL'CTURE OF CRAB CHITIN AND CHITOSAI'J
REVEALED WITH THE SCANNING ELECTRON MICROSCOPE

M.S, Mas ri and F,T. Jones

Western Regional Research Laboratory
Agricultural Research Service, USDA

Berkeley, California 94710

ABSTRACT

In the search for inexpensive supports for enzyme insolubilization and
adsorbents for scavenging toxic metallic ions from industrial wastes, we
found several natural subs tances and by-products such as bark, waste wool
and other keratins and crab-shell chi ti n and chitosan to be sui table . The
use of these biopolymers involves processes of interfacial non-homogenous
interactions when they are employed as insoluble matrices in contact with
solutes. For this reason, the physical structure and ultrastructure of
the solid polymers may have a bearing on the nature and course of the
interactions, To gain insight into the role that the physical ul tras truc-
ture and the matrix might play, we exami ned crab shell and related
materials with the scanning electron m1croscope . Ultras tructura 1 features
not yet reported were revealed. Two main features are; fine laminated
layers of microfibrits in the plane of the layers and a columnar microar-
chitecture produced by inter-layer microfibrils with mineral grains laid
down among them.

INTRODUCTION

In our work on enzyme insolubilization and on removal of toxic and
heavy metals from 1ndustrial was tes, we examined a number of biopolymers
and waste by-products in search of inexpensive physical supports that wou'Id
be sui table for those purposes �,S! . Chitin and chi tosan were among the
promi sing substances examined. From these experi ments we propose the use
of chitosan flakes in their native state as prepared from chitin with
alkali, without solubi li zing the chi tosan . In some of this work, the
chitosan chips before use were first partially crosslinked under mild con-
d1tions that left their native structure essentially intact  Masri and
Randall ~ these Proceedings! . The crosslinking was done to 1mpart i nsolu-
bili ty to the treated chips in acidic media, The bindi ng of metal I ons
and the fixing of enzymes to the chi tosan or crosslinked chi tosan chips
 as well as the crossl1nking reaction itself! proceeded rapidly and exten-
sively, and equilibria were quickly established, despite the fact that
these interactions with reagents or solutes occurred by two-phase hetero-
gen'ous processes. This result prompted us to examine chitosan chips and
related chitinous materials with the scanning e'Jectron microscope to check
whether ultrastructural features were present that could explain these
fast interactions. The microarch1tectural features observed contribute to
the understanding of the rapid penetration of solutes into the native
ch1tosan matrix and subsequent interactions with it. The main observed
features will be shown and described. Pertinent references on the morphol-
ogy of the crustacean exoskeleton appear in the literature �- 3,6,7! . Our
findings correlate with, and supplement, these studies.
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EXPERIMENTAL

Observations were made on demineralized chitin and chitosan chips
 presumably derived mainly from king and some Dungeness crab shells! ob-
tained from Food Chemical Company, Seattle, Washington . A limited number
of shell fragments from king-crab legs and whole Dungeness crab purchased
from a local market were also examined, together with the shell of a red
crab caught in the Bolinas lagoon in northern California. The crab-shell
fragments were examined as received, or after decalcification with dilute
hydrochloric acid, or after deacetyl ation of demineralized fragments with
a'lkali in an autoclave.

A dealco scanning electron microscope was used, operated at 25 ky.
Specimens were mounted on metal holders with double-coated sticky eel lo-
phane tape and silver cement. Objects were gold coated. Nethods de-
scribed by W1se for molluscan shell examination were followed  B!.

RESULTS AND DISCUSS!ON

From many fascinati ng photographs of different views taken, we have
selected ni ne  Figures 1-9! to show the main ul trastructural observations� .
All photographs are scanning-electron mlcrogr aphs except Figure 1, which
was taken with the light microscope. The chi tosan flakes referred to in
the figures are from the commercial sample  see above, Experimental! which
was presumably mainly fram king crab, The intricate microarchitecture
newly revealed in the photographs includes the characteristics described
below,

Laminated la ers: These were parallel to the outer surface of the shell.
Although the fineness varied even with specimens from different parts of
the same shell, i n general, the king crab showed the finest lamlnations of
12,000 layers/cm, the Dungeness crab had intermediate fineness of 4,000-
6,000 layers/cm and the red crab had the coarsest lamination of 1,200
layers/cm. The fineness also varied in the fragments of cormnercial chito-
san from 7,000 to 12,000 layers/cm, but as nmny as 55,000 layers/cm were
observed in highly iridescent chips. As would be expected, these finely
laminated chips give multiple fi lm interference colors� . These observed
differences in fineness of lamination are likely due not only to differ-
ences in species but also to the particular location on the exoskeleton,
age and stage of development, individual varia ti ons, and sampling, Figures
1-4 and 7 show this layering.

Planar and i nterlami nar fibrils: The layers themselves appear to be
made up of fibrils whose orientation within a layer could not be clearly
seen, although the arrangement appears to be ordered rather than random as
suggested in Figures 5 and 6, In addition to the inner-layer fibrils,
transverse fibrils bridging the layers were also present   Figures 2,4,8-9! .
Holes and short "spikes" in the layers probably represent points where the
transverse cross-fibrils have been sheared or tom out of adjacent layers.
Alternatively, the holes and spikes may represent a native structure rather
than an artifact; in this case, the holes provide channels for the
inter-layer cormnunication, and the spikes constitute either rigid or flex-
ible supports that help to maintain layer separation  Figures 5 and 6!.

Columnar microarchitecture: The inter-layer spacings appear to consist
of interlaminar transverse fibrils with the mineral grains laid dawn
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between them; the arrangement gives a columnar appearance that could readily
be seen in mounted fragments that fortuitously broke off obliquely  Figures
7-9!. When the mineral was removed with dilute hydrochloric acid, the col-
umnar structure disappeared and the transverse fibrils appeared collapsed
on the edges of the main layers; the surface then appeared to be covered
with a gelatinous film.

These observations contribute to the understanding of the rapid penetration
and interaction of salutes.

ACKNOWLEDGMENTS

We thank Drs. Daniel H, Gould and Wilfred H. Ward from our laboratory
for critical revi ew of the manuscri pt, Robert David Wong for art work in
mounting micrographs, and Dawn M. Thorne for help in preparing the manu-
script.

Reference to a company and/or product name does not imply approval or
recommendati on of that product by the U.S. Department of Agriculture to the
exclusion of others that may be suitable .

REFERENCES

1 . BRINE, C . J ., and P . R . AUSTIN . 1975 . Rena tured chitin fibrils, films
and filaments . ACS Symposium Series, no. 18,

2 . DENNELL, R . 1960, In: The Physiology of Crustacea . Wasserman, T. A.
 ed,!. Academic Press, New York.

3, GUBB, D. 1975 . Direct visualization of helicoidal architecture in
Carel nus maenas and Mal o~c n th i a ~a 1 I 1 osa by scanning electron micro-
scopy. Tissue and Ce 1 1 7: 19 .

4 . MASRI, M. S ., and M. FRIEDMAN . 1972, Mercury uotake by polyami necarbohy-
drates . Environ� . Sci . Technol, 6: 745.

5. MASRI, M. S., F. W. REUTER and M. FRIEDMAN. 'l974, Binaing of metal
cations by natural substances, J . Appl. Polym . Sci . 1 7: 2183,

6. TRAVIS, D. F, 1963. Structural features of mineralization from tissue
to macromolecular levels nf reorganization in the decapod Crustacea .
Ann. N. Y. Acad. Sci . 1C9:177.

7, TRAVIS, D. F,, and U. FRIBERG. 1963, The depositien of skeleta1 Struc-
tures in the Crustacea . VI; Microradi ographi c studies of the exoskel e-
ton of the crayfish Orconectes ~vier i 1 is Hacaen. J . Ul tras tructure Res .
9;285.



486

8. WISE, S. W., Jr. 1969. Study of molluscan shell ultra-structures.
Scanning Electron Microscopy. Proceedings of the 2nd Annual Scanning
E]ectron Microscope Symposium, pp. 205-216, Chicago, Illinois.



487

Fig. l. Cross-section of a chitosan flake in water. IJpper section:
11,000 layers/cm; lower: 7,000 layers/cm  light microscope!.

Fig, 2. Chitosan cross-section: 9,000 layers/cm showing interlaminar
 transverse! fibrils holding layers together.
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Fig. 3. Cross-section of raw shell of red-crab carapace. Finer
lamination nearer inner surface  lower part of fig.!.

Fig. 4. Red-crab carapace showing layers and interlaminar  inter-
layer! fibrils. Eip on right was brief'ly dipped in dilute
hydrochloric acid then quickly rinsed to remove surface
calcium carbonate; mineral grains are still present on left.
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Fig, 5. Peeled layers of crab chitosan, obtained by tearing dry flake,
showing planar  intra-layer! fibrils, holes in layers and
spikes protruding from layers. Holes and spikes are probably
produced by peeling, causing transverse fibrils to be pulled
out and broken. One end  spike! remains attached to one layer
and pulled out from the adjacent layer, leaving a hole.

Fig. 6. Photographically enlarged part of Fig. 5 showing holes and
spikes in layer.
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Fig. 7, Cross-section of Dungeness-crab carapace. Outer part  top!
broken obliquely, showing both 'layers  middle center! and
columnar structure  toward upper left!; calcium carbonate is
present  chip not demineralized!.

Fig. 8, C lose-up part of Fig, 7  by electron microscope!.
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Fig. 9. Enlarged view from Fig. 8  by electron microscope! showing
bundles of transverse  interlaminar! fibrils in the
substructure of the columns containing the calcium carbonate .
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CHITIN FIBER ARRANGEMENT !N ARACHNID AND MYRIAPOD CUTICLE

S.C, Shrivastava and Archana Outt

Department of 2oology, University of Lucknow
Indi a

ABSTRACT

The chitin fiber arrangement in arachnid and myriapod cuticle was studied,
emplOying the COmmOn Indian farmS, Vi Z ., the blaC k and brOwn SCOrpiOnS PalamnaeuS
~ben aiensis and guthus ta eius ~at1 s, the whip-scorpion ~The1 honus raga t c s,
the gi t spider Poeciiotheri ~ ~re aiis d the iiiipede ~th ro iut s a~ate us.
Light microscopy and x-ray diffraction after gentle extraction of the cuticle were
used.

The Chitin fiber arrangement prOVideS SeVeral laminae tO the CutiCle aS
discrete and separable sheets of varying lengths, The laminae are composed of
hlamellae," i,e., patterns appearing in oblique sectio~s due to a helicoid arrange-
ment, perhaps of continuous fibers, and anastomosing into a mat in the laminae.
These become separable or tarn as sheets along the horizontal plane but never along
the vertical planes, the fibers being discontinuous in the interlaminar zone.

X-ray diffraction patterns of the extracted cuticle, i . e ., chitin, revealed
a marked heterogeneity along the axis normal to the body, indicating that. the
fibers were oriented equally in a1'I directions among the various horizontal planes
of the cuticle. Crystallinity appeared along both the axis paralleI to the surface
and transverse to the body and the axis parallel to the surface and longitudinal
to the body, indicating a longer i.e,, higher, pitch of the helices.

INTRODUCTION

The fine structure of the arthropod cutie'le has attracted the attention of
several workers in the recent past. Drach  8, 9! found that the laminae of the
crab cuticle were separable, though connected by fibers continuing from one lamina
to the next as parabolic arcs . This view was supported by Dennel 1   4! and Locke
�1!. Locke �2! described how the endocuticle of the insect cuticle was composed
of numerous lamellae, which were shown in an electron microscope as patterns of
microfibers arranged in sheets and curving out at right angles between the
sheets. They had, however, the same orientation in the adjacent sheets.

Bouligand �, 2, 3!, studying the cuticle of a crab Carcinus maenas  L!,
reported that it consisted of fine fibers arranged in a helical manner which gave
rise to a laminated appearance in vertical and oblique sections and to a plumose
appearance in the interlaminar region in oblique sections. The parabolic arcs
seen crossing between the laminae were not due to continuous fibers but were
patterns resulting from the differing angles of sections of the fibers in successive
layers. Nevi lie and Berg �4!, Neville and Luke �5, 16!, and Nevil'le, Thomas
and 2elazny �7! have supported the view of Bouligand.

Dennell �! examined the cuticle of Carcinu. maenas  L! by light microscopy
and suggested that the laminae were discrete and separable plates which could be
pulled off from one another. Laminae were, however, connected by interlaminar
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fibers whic h were branched and fr ayed in appearance . Between these fibers were
long unoriented macrofibers which did not stain with anilin blue. The interlaminar
fibers and the macrofibers accounted for the plvgrose appearance of the interlaminar
zone. Ejike �0! also found discrete lame1lae, as described by Dennell �!,
in the cutie le of another crab, Callinectes gladiator, He, however, described
large, sinuous, vnbranched macrofibers in the main 1:aicified zone, which often
traversed parabolic paths and passed from one interlaminar zone to the next.
In the overlying pi gmented zone, macrofiber's were branched and dense1y pac ked
In addition, there were finer fibers between the n!acrofibers which were straight
and parallel, The macrofibers were found to be hollow.

Dennell �! also found that in the cuticle of Cancer ~a urus L. and Carcinus
maenas  L! the f'ine fibers passed obliquely through the laminae in planes
parallel to the four faces of a gently sloping pyramid. The parabolic arcs
  i nterlami nar t i bers ! were found tn lie in a plane tilted at a steeper angle and
oblique to the planes of the fine fibers. The laminae were reported to be
discrete, as they preserved their identity around the angle formed by two
verticle faces meeting at right ang'les a. Drach  g! fcur o. Iius the view of
Dennell �! did not support the model proposed by Bouligand  I, 2, 3!.

Mutvei �3! studied the special arrangement ot the chitin-protein fibers in
the cuticle of two decapod c rustaceans, ffomarus garmarus L and Carcinus meanas  L!,
with the scanning electron microscope and described numerous horizontal lamellae
in the cuticle, which gave rise to numerous vertical lamellae and were connected
with them. Vertical lamellae emerged from both sides of each horizontal lamella,
and hence they were not artifacts. Both the horizontal and the vertical lamellae
were pierced by pore canals. Each pore canal had a wa I'I of its own composed of
vertical fibers. Dennel! �! also described the laminae in the scorpion pandinvs
~fm rator !Koch! as hei g compo ed of ho 1 tally a g d fit as 1 ted
with a laminar membrane, and he reported that curved continuous sheets of fibers
passed from one lamina to the next through the interlaminar region.

In view of these recent findings about the ul trastructure of insect and
crustacean cuticles, it was decided to verify and extend the studies to other
arthropods, viz., the arachnids and the mygiapods.

MATERIALS AND METHOD

The cor!m!on Indian arachnids and myriapods, e.g,, the black and the brown
sco pion, palamnaeus ~hen alensis ~ d B th s t 1 gaVet s, th whip
scorpio, T~h! hon gff 1'', the gl t pid, P cil the is ~nits d
the diplopod ~fh 1 t s 1 ~ e e d in this st dy. Pieces of cuticle
were taken from regions where it was thickest, e.g., the cephalothorax of
Pat ~ eus and B ~ th s. the p d palpi of Thely!thon s anti Poecilothetis a d th
do sal tergites of ~fh o 1 t s. 5 ticle pi ~ ces fi ed i ~ lt t ~ 1 f al
were extraCted with 5X solution af KOH for a period of one month and then washed
thoroughly in water. The mi ' 1 ipede cuticle was deca 1 cified before extraction
with 30K aqueous solution of sodium hexametaphosphate �0!, Sections �-6u in
thickness! were cut. on a cold microtome  Cryo-cut! and were stained with Mallory's
triple stain. The preparations were examined under the phase-contrast microscope.
A piece of cuticle was cut oblique'ly from its two adjacent sides, and the corner
between these two sides was examined under phase-contrast microscope,



494

For x-ray diffraction studies, rectangular cuticle pieces cut lengthwise
along the body axis of the scorpion Palamnaeus bencealensis as described above,
were gently KOH extracted, washed and piled together to give approximately a
2 mm sheet. Pieces from this sheet were variously cut and mounted over a narrow
slide hole so as to provide orientations in three directions'. axis normal to the
body, axis parallel to surface and transverse to body, and axis parallel to
surface and longitudinal to body, X-ray diffraction photographs of these samp1e
were taken using Ko radiations. The x-ray tube was operated on 30kV, 10mA.
A flat film Laue camera was used, the d istance between the sample and the x-ray
film being 5 cm and exposure varying from 4 to 6 hours,

OBSERVATIONS

The arrangement of chitin fibers is descyibed in the different arachnids
and myriapods examined, as follows:

Palamnaeus ben alensis: Typical plumose lagnel lac  Fig. I! numbering 12-16
were seen in ob ique sections of cuticle in regions where it was thick. The
interlamellar distance increased with increasing obliquity of sections.
Parabolic emerged at acute angles from lamellae.

Four to five horizontal sheets, i.e., laminae, became separable in the
alkali-extracted cuticle, Mechanical separation of laminae was also seen to
have taken place in transverse sections cut on cold microtome.

The chitin fiber arrangement was present in the surface view of all the
sec tions cut horizontally, a polygonal pattern of dense lines  Fig. 2 !
enclosing sh i ni ng dots represen ti ng the cut ends of the chitin fibers . In
regions of these sec ti ons where the cuticle begi ns to ti I t, these patterns
and dots also become progressively elongated and parallel  Fig. 3! and finally
merge into a plumose pattern  Fig. 4!.

Helical pore canals, as distinct from dermal gland-duct openings, could
be identified under changing focus in regions where some of the pore canals ar
especially large, e,g,, on tubercles in pedipalpi,

Euth s tam lus ~aeticus: Ch'ti fihet a a g ~ t ~ s th e ~ s 1
Palamnaeus. Three to four laminae and nine to ten lame11ae were seen in obliq
sections. The dermal gland duct.'s oblique cut ends were also seen along with
the lamellae  Fig. 5!. These showed helical patterns above the exocuticle
in the surface view  Fig. 6!. Pore cana'Is distinct from lamellae were seen
in transverse sections in regions of tubercles  Fig. 7!, but these were more
clearly distinguishable in a surface view of the cuticle, because they ended
peculiar funnel-shaped dilation< in Buthus  Fig. 8!,

Th ~th s ~i ~ ti: Eli,iht t t 1 1 a see h mitaily
separated in transverse section",  Fig. 9!, Parabolic emerged at acute
angles, but became straight in interlamellar regions  Fig. 10!. Patterns of
fibers enclosing polygonal area:, seen in the surface view were present in the
separated laminae  Fig. 11!.

T~hu 1 t ~ ~st ~ u: f ~ '.u fi 1 1 ~ pa *h1 i the 1 ~
endocuticle region. Laminae could also be seen at anqles of obliquely cut
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cuticle pieces  Fig� . 12 !. Eight to ten lamellae were present only in the inner
endocuticle with typical paraboIie in the interlaminar regions  Fig. 13!;
lamellae were absent from the outer endocuticle.

Poecilotheria ~re alis: Four to five laminae and 12-14 lamellae  Fig. 14!
were distinguishable. Helical pore canals distinct from lamellae were clearly
seen in transverse sections  Fig. 15!. However, polygonal patterns were
not seen in surface view of a!l horizontal sections below the exocuticle.
These were present only in the exocutic le which was separable as a lamina
 Fig. 16!.

X-ra diffraction atterns: In the beam normal to the body, continuous
ri ngs were obtai ned Fig. 17 , indicati ng a marked heterogeneity, On the
other hand in both the beam parallel to surface and transverse to body  Fig. 18!
and the beam parallel to the surface and 'longitudinal to the body  Fig, 19!
crystallinity appeared, but, it was not sufficient to characterize the type
of chitin present.

OISCOSBIOH

These observations show thai the cuticle of arachnids and myriapods, as
plified by the cuticle of the scorpions Palam acus be+naia mls and

Buthus tam tus ~a eticus, the whip scarpion, T~elrehonun i anticus. the
giant spider, Poecilothe ia ~re elis, hand the illfp de, Th o tus ~natu us
is formed of h licoid chits ~ fib s P ted by Bo ligand , 2, 33. Tllese
fibers produce typical plumose and lamellate patterns with parabolic in the
interlaminar regions seen in oblique sections, the interlamellar distance
increasing toward the inner side of the cuticle, except in Thel honus
where they decrease, Chitin fibers are periodically discont nuous; ence
several laminae became separated in the extracted cuticle or were mechanically
detached, as in the transverse sections cut on a cold microtome. Furthermore,
in the spider cuticle the exocuticular lamina bearing polygonal patterns visible
in surface view and distinct from the rest of laminae became separated in the
extracted cuticle, suggesting that laminae are realities, while lamellae are
simply patterns, Bennell �! reported that in crab cuticle the upper surface
of the lamina showed a distinct bounding membrane and that interlaminar fibers
arose from the lower surface of this bounding membane and were continuous
from one lamina to the next. But in the arachnid and myriapod cuticle neither
the bounding membranes nor the interlaminar fibers are present.

In addition to the microfibers, n acrofibers were reported by Dennel 1
�! as present in the interlaminar zone where they pursued an oblique course
across a number of interlaminar zones. crossing each other as they did so.
Ejike �0! reported two types of macrofibers in two different zones of the
crab cuticle. In the pigmented zone the macrOfibers were branched, while in the
underlying main calcified zone the macrofibers were unbranched, and they traversed
sinuous and often parabolic paths. They lay in the interlaminar zone and
traversed the laminae, passing from one interlaminar zone to the next. Nacro-
fibers could not be detected in the present study. Helical pore canals, as
reported by Shrivastava �0!, pierced the cuticle of the scorpions Palamnaeus
and Buthus from below up to the inner boundary of the epicutic'le and, in the
Buthus described, ended in peculiar cup-shaped dilations beneath the epicuticle.
These have been confused with the chitin-fiber cut ends in the surface view
of the cuticle of the scorpion Pandinus ~1m erator  Koch! �!,
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The fine structure of the arachnid and myriapod cuticle thus seems to conform,
on the one hand, with the basic insect pattern suggested by Bouligand �, 2, 3!
viz,, constituted of helicoid fibers responsible for plumose and lamellate
patterns in oblique sections, On the other hand, it resemb'ted the crustacean
cuticle in possessing separable laminae �!, perhaps because of periodic
discontinuity of the chitin fibers. Further modifications, such as the
presence of bounding membrane in laminae and of interlaminar fibers emerging
from the lower surface of bounding membranes, as reported for the crab cuticle,
were not present in the arachnid and myriapod cuticle. Nevertheless, a more
detailed and extensive survey convering these greups of arthropod s is
warranted.

X-ray diffraction patterns of the extracted cuticle chitin revealed a
marked heterogeneity a'Iong the axis normal to the body, indicating the fibers
were oriented equally in all directions amonq the various horizontal planes
of the cuticle. Crystallinity appeared along both the axis parallel to the
surface and transverse to the body and the axis parallel to the surface and
longitudinal to the body indicating a longer, i.e., higher, pitch of the helices
of chi tin fibers . Some reflections corresponding to those of chi tin as given
by Rudal l �8 !, viz,,  a ! depicti ng separation of chiti~ chains in planes
parallel to the sugar ring and  b! depicting separation of chitin in the plane
perpendicular to the sugar ring, and some other reflections of the three main
layer lines were obtained. The first row line drawn by Rudall corresponded in
this specimen to a B-chitin pattern, although this seems highly unlikely.
Since the reflections were not sufficient to characterize the type of chitin
present, another sample wi th better aligned fibers should therefore be
sought,
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Fig. 1. Photomicrograph of oblique T.S, through KOH treated
pedipalp cuticle of Palamnaeus ben alensis.

Fig. 2. Photomicrograph showing polygonal patterns of dense lines
and shining dots seen in surface view of the cuticle of
Palamnaeus ben alensis.
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Fig. 3. Photomicrograph showing polygonal patterns becoming
progressively elongated and parallel seen in surface
view of the cuticle of Palamnaeus ben alensis.

Fig. 4, Photomicrograph showing polygonal patterns emerging into
a plumose pattern as seen in surface of the cuticle of
Pa 1 aseaeus bengal ens is.
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Fig. 5. Photomicrograph of oblique T.S. through KOH treated
cut1c1* 1 auth c ta ~utu a attcu .

Fig. 6. Photomicrograph showing helical patterns of dermal gland
duct seen obliquely in surface view of the cuticle of
Buthus tamulus an eticus.
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Fig. 7. Photomicrograph showing pore canals in oblique T.S,
of KDH treated tergite cuticle of Huthus tamulus
~aattcc

Fig. 8. Photomicrograph showi ng cup shaped dilations of pore
canals as seen in surface view of the cuticle of
a th a t clca ~attc a.
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Fig, 9. Photomicrograph of T,S. through KOH treated pedipalp
~ ti l f 1~eel ho~os l o t'c s sho iog fe of the

laminae separated from the cuticle,

Fig.10, Photomicrograph showing microfibres i» oblique T.S.
of KOH treated pedipalp cuticle of Their h
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Fig.ll. photomicrograph showing pattern of microfibres in surface
view of a laminae of KOH treated pedipalp cuticle of
T~hel hu et~luetic u.
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Fig.lg. Photomicrograph showing the laminae in KOH treated
cuticle of Th ro lutus mala us being continuous from
one face of the obliquely cut corner to the other,
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Fig. 13. Photomicrograph showing microfibres in oblique T.S,
of KOH treated tergite cuticle of Th ro lutus mala us.

Fig.14. Photomicrograph showing microfibres in oblique T.S.
of KOH treated pedipalp cuticle of Poecilotheria
recea 1 i s.
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Fig. 15. Photomicrograph of oblique T.g, through KOH treated
p dipelp cuticle f Poecilothe ~i li..

Fig. 16. Photomicrograph showing lamina of exocuticle bearing
polygonal patterns as seen in surface view along with
the underlying lamina of the cuticle of Poecilotheria
~re alis.
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Fig. 17. X-ray diffraction photograph of extracted cuticle of
P l b lensis with beam normal to the body.

Fig, 18. X-ray diffraction photograph of extracted cuticle of
Palamnaeus ben alensis with beam parallel to surface
an transverse to~o y.
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Fig. 19. Ã-ray diffraction photograph of extracted cuticle of
Palamnaeus ben alensis with beam parallel to surface
and longitudinal to body.
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CHITIN CONTENT AND VARIATION MI TH MOLT STAGE AND
CARAPACE LOCA1 ION IN THE BI UE CRAB, CALLINECTES SAP IOUS

Charles J. Brine

Col'iege of Marine Studies
University of Delaware, Newark, Del. 19711

ABSTRACT

Employing a mod ified chi tin -spec if'ic spec trophotometri c method of analysis,
the chitin content and its variation as a function of molt stage and carapace
location was determined for the blue crab, Callinectes ~sa idus Rathbun.

It was found that chi tin content, on a dry-weight basis, over all san!ples
tested averaged 1 4. 9X for the blue-crab exoskeleton . The chitin content for all
locations on the main dorsal carapace averaged 15.8t while the claw sections
averaged 11.6% chitin. Molt-stage variation in chitin was significantly greater,
ranging from 12.2$ to 24.4X, exclusive of the freshly exuviated carapace,
which had an 8.5% chitin content,

The variations in chitin content with molt stage and carapace locations
in the blue crab no doubt are biologically significant and have links to the
physiological functions and life cycle of the crab.

INTRODUCTION

This study was undertaken as part of an investigation into the potential
supply of chitin available from blue-crab  Callinectes sa pidus RathIIunI.
processing waste and to provide some basic data on varia tio!i~ !n chitih
production during the blue-crab molting cycle. It also appeared opportune to
determine chi tin content in r elation to carapace locations. It should thus
be possible to inter pret the results along basic physiological and biological
lines with relationship to the life cycle and morphological structure of the
blue crab.

Since no chitin-specific, direct method of quantitative analytical
determination was available from the literature, an attempt was made to modify
and optimize the spectrophotornetric technique of Strickland and Parsons �2!
for particulate chitin to determine chitin in crustacean exoske1etons. Previous
st dies �, 8! in hich chiti hss hee d t ~ ned th* decep d. ~He i e
nudus, and the crayfish, Orconectes obscurus, have relied on the traditional
!Ti gested residue dry weight as the quantitative measure Of chitin cOntent,
Even when tissue grinding is thOrough and the method fOr digestion of all
proteinaceous and carbonate material ostensibly is complete, subtle variations
in the cuticle matrix structures and chi ti n losses during the ri gorous digesti on
process may result in significant, non-systematic errors.

Accordingly, the chitin determinations were made by the improved
spectr ophotometric technique which is described in this paper .
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MATERIALS AND METHODS

Blue-crab chitin source and isolation

For the purpose of analytical chitin determination, 19 live blue crabs,
tallimettes ~sa idus Rathhua, were sampled f om the t ihutaries of the Delawa e
Bay by conventional trapping. The molt stages were determined using standard
biological criteria �, 4, 10!, The blue crabs were preserved in isopropanol
and kept under refrigeration at 4' C until removal for chitin determination.

Each blue-crab exoskeleton analyzed was surgically cut with a
laminectomy trephine to obtain 9 sections. Figure 1 illustrates the dorsal
carapace of the blue crab, indicating the locations of these sections.
Each section was then dried at 100' C, for 10 minutes, precision weighed,
and decalcified in lN HCl, at 25' C for 12 hours, followed by 3 deionized
water washings and deproteinization in 5X NaOH, at 25 C for 12 hours.
The chitin content of these sections was then determined spectrophotometrically
on a Beckman DB spectrophotometer.

An

The spectrophotometric method employed was a modification of the
technique delineated in Strickland and Parsons �2! t.hat takes into account
critical observations made by Boas �! and by this author. It is based on the
Elson-Morgan method for glucosamine determination �!. The method spectrophoto-
metrically measures the intensity of red color that develops when glucosamine
hydrochloride is boiled in basic solutions with acetyl acetone, quick cOOled,
and then the pyrrole thus formed, 3-acetyl-2-methyl-5-tetrahydroxybutyl pyrrole,
is condensed by Ehrlich's reagent, p-dimethylaminobenzaldehyde, in 95K ethanol
�!. The chitin to be determined was hydrolyzed in excess of 6N HC1 into the
gl ucosami ne hydrochloride, Modifications of the method include optimi zation
of the hydrolysis period, control of acetylation and condensation reaction
times, mild preparative hydrolysis of samples to decalcify crab exoskeletons
and reduce interfering chromogens, and use of pure chi tin as calibration
standards.

Boas �! observed that the chitin hydrolysis conditions always
represent a balance between giucosamine liberated and destroyed, since in
greater than 2N HCI at 100' C, some significant percentage of glucosamine is
destroyed within 15 hours. Therefore' optimal hydrolysis conditions must be set
for each type of sample depending upon its response to the hydrolysis conditi ons.
This also implies, however, that in 2N HC1  or weaker! no loss of glucosamine
occurs. Since it has also been shown that 1N HCl deacetylates chitin very
minimally �!, lN HC1 was employed in this study to reduce interfering
su bstances and to decalcify the samples.

The first major modification to the ana lytica 1 procedure delineated
by Strickland and Parsons �2! was in the make-up of the standard solution
used in calibrating the spectrophotometer. For this study it was felt that
a much truer calibration could be achieved by hydrolyzing pure chi tin in
known concentrations in the same manner actual samples would be treated and then
determining their optical absorbance at 530OA' rather than relating glucosamine



511

hydrochloride absorbance readings to true chitin by the suggested formula factor.
In other words, the real condition measured at any time t in the chitin determina-
tion is the balance between the glucosamine liberated to that time and that
which has been destroyed:

dGLU dGLU
z chitin = z glucosamine IICl � lib ~de

dt dt
0

This argument points to the second major modification. The contention
was made above that there is an optimum time of hydrolysis unique for each type
of sample, i.e., a distinct moment when the greatest optical density is
recorded for the balance between glucosamine liberated and destroyed, The
results of an experiment conducted on pure chitin samples showed very distinctly
a 4. 5-hour hydrolysis produced optimum results, while in the case of the blue-
crab exoskeletons, a six-hour hydrolysis period seemed optimum.

Implementing these modifications, the standard calibration curve in
Figure 2 was generated, From linear regression analysis, it had a correlation
coefficient greater than 0.998 and the standard error was found to be + ~ 002
absorbance units. Running a six-hour hydrolysis determination for four samples
at each of five precisely known concentrations of chi tin  along the range of
determination! and statistically analyzing the data, the percent standard
deviations were found to vary from 6.6X at the low end of the determination
range to 3.0X at the high end,

RESULTS AND DISCUSSION

The results from the determination of chitin-content variation with
carapace location are summarized in Table 1 below. These chitin-content
values are the average at each location for the 19 crab samples,

Table 1, Chitin-Content Yariation
with Car apace Location in the Blue Crab

Carapace Location Average <. Chitin Content  Ory Wt,!

15.5 ' 4.9
15.0 . 6.8
16,2 + 6.7
17,7 6.5
13.7 . 6.0
10,8 ' 5.1
12.3 4.8
15.2 = 4.7
16.7 = 5.0

*
See Figure 1
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The chitin-content values for the main dorsal carapace sections 1-5,
8, 9 fall within a narrow range, averaging 15.84. The claw sections 6, 7 average
11.6% chitin. This difference undoubtedly has a biological significance,
tt can be explained by the physiological fact that the ClawS are the defensive
instruments of the blue crab and, as such, have a relatively higher deposition
of calcium salts in the cuticle for strengthening and protective purposes.
Furthermore, the relative trends in chitin content with carapace location
seemed to follow a consistent pattern in the individual crab samples.

The results from the spectrOphotometric determination Of the
variation of chitin content with molt stage in the 19 blue-crab exoskeletons
are listed in Table 2 below and summarized by molt stage in Table 3.

Table 2. Chitin Content of Blue Crab, Dorsal Carapace

Sample Carapace Molt
No. Sex Width  mm! Stage

Chitin Content
 % dry wt!Descriptive Stage

24.43 + 4.88Earliest paper

Early paper

Early paper

Paper

Paper

Late paper

Early Hard

Hard

Hard

Hard

Earliest peeler

Early peeler

Early peeler

Early peeler

Peeler 13.29 + 3.62

13.44 + 3.54

13,45 + 3.15

12.87 + 3.51

8.54 + 4.86

Peeler

Peeler

Late peeler

Exuviated carapace

*
Values reported are the average for nine locations on carapace.

Shown in Figure l.

As a function of molt stage, the chitin-content values range from 8.5X to
4.2% chitin by dry weight. However, except for the exuviated carapace  Stage E!
all values fall in a closer 12.2Ã to 24.4% range, The highest chitin content is

F 91.2 Al
2 F 67 0 AP
3 F 107.6 A2
4 M 113,6 8

5 F 77.5 82
6 M 56.1 Cl
7 M 64 1 CP
8 F 82.9 C

9 M 91.9 C3
10 M 102.7 CR
11 M 86.3 Dl
12 F 86.5 D2
13 M 74 4 D2
14 M 108.5 02
15 M 81 2 03
16 F 81 8 D3
17 F 91. 0 03
18 M BD.9 04
19 F 91 2 E

21.02 + 4.68

21.34 + 5.78

17.47 + 10.28

13.63 + 3.56

12.84 + 1,08

12.52 + 3,29

13.25 + 5,24

12.17 + 4.83

12.43 + 2.63

14.33 + 6.18

15.60 + 6.13

15.33 4 4.77

15.18 z 2.25



513

observed for the early post-molt stages, A and A . As the blue crab proceeds
through the life cycle, it is observed that. perceht chitin content in the
exoskeleton decreases steadily to a re lative low point during the hardening
stages  C , C , C !. This is due to the increase of calcium salt deposition
for the physi logical purpose of strengthening the exoskeleton �, 4, 9!,
The chitin content then relatively increases as the crab begins to prepare for
molting stages, Dl and D2, by reabsorbing calcium salts  'IO, 3, 4!. It falls
off rapidly in stages D3 and D4 to exuviation, This is due to removal of
chitin by either reabsorption by the crab for reuti'Iization �, 8! or by some
externa'I process such as rapid microbial degradation upon exuviation �1, 7!.

Table 3, Chitin Content Variation with
Molt Stage in the Blue Crab

Molt Stage %%d Chitin Content  Dry Weight!*

The soft-shell crabs, stages Al and A2 averaging 22.3X  + 5,1% !, are the
only group with chitin content significantly higher than the 14.94  +4.3X!
average over all molt stages d'or the 19 crabs tested. The most likely physiological
cause for this occurrence is that the carapace calcification process, hardening,
has not proceeded sufficiently to affect significant calcium deposition, This
does not, however, specifically indicate the stages of the molt cycle during
which chitin deposition is occurri ng . The variations of chitin values shown
in Table 3 do emphasize real changes which are occurring in the blue-crab
exoskeleton and do have a definite relationship to the stage in the molt
cycle,

SUMMARY AND CONCLUSIONS

The chitin content for all locations on the main dorsal carapace of the
blue crab fell within a narrow range, 13.7% to 16.7'%%d, averaging 15.8%%d, while
that for the claw sections averaged less, 11.6%.

Al
A2
Bl
B2
CI
C2
C3
Dl
D2
D3
D4
E  Exuvia!

24,4

2I.1

17.4

13.6

12.8

12.5

12,6

14,3

15,3

13.3

12.8

8,5

+ 4.8

+ 5.2

4 10.2

+ 3.5

+ 1.O

+ 3.2

= 4.2

+ 6,1

+ 4.3

+ 3,4

+ 3,5

+ 4,8
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The chitin content variation with molt stage showed a much greater range,
12.2% to 24.4%, exclusive of the freshly exuviated carapace. This exuvia had
a chitin content of 8,5%, indicating either rapid microbial degradation or
significant amounts of chitin reabsorption by the crab.

It can be concluded that the variations in chitin content that
depend upon molt stage and carapace location are of biological significance
and have links to the physiological functions and life cycle of the blue crab.

An improved, spectrophotometric method of chitin determination has
been developed.
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Figure 1. Blue crab dorsal carapace indicating the locations
used in the chitin content determinations
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CHEMICAL DIFFERENCES IN THE R- AND 8-CHITINS
AND THEIR SIGNIFICANCE I'N THE OUALITY OF THE

BY- P ROD U CTS OF CHITIN

C.K. Kandaswamy

Department of loology
Government Art.s College

Coimbatore 641018
India

ABSTRACT

Chemical differences exist between a- and 3- chitin in addition
to different crystalline forms, which expalin the conversion of
the o form into the B form upon treatment with concentrated nitric
and hydrochloric acids.

The materials used were the pen of ~Loll o indica and the chaetae from
the polychaete annelid Nereis diversicolor. The acetyl content. of
previously alkali-purified and washed materials was estimated: L. indica
had a 9.62% and N. diversicolor had a 9.57K acetyl content.

After treating with fuming nitric acid or 6N hydrochloric acid, the
acetyl content of these chitins was reduced to between 7.4 and 7.6%.
The n i trogen content of the experimental and the control pi eces, however,
remained the same.

The significance of these differences in acetyl content is discussed
in relation to the x-ray diffraction patterns yielded by the a- and a-
chitins . The relation of those chemical differences to the quality of
the chitosan solution is also discussed.

INTRODUCTION

It is well known that the x-ray diffraction patterns yielded by the
chitin occurring in arthropods and some other invertebrates differs from
those given by the chitin found in some parts of certain invertebrates
 the skeletal pen of the squid and the chaetae of annelids �,5! . These
are designated Ix- and a-chttins, respectively, It has been reported that
the u-chitin yields the 5-chitin pattern after treatment with 45K fuming
nitric acid or 6N hydrochloric acid �,2!. In view of this conversion, it
was thought that these two kinds of chitins were merely two crystalline
forms of polyacetylglucosami ne and that there were no chemica 1 differences
between them. The results reported in the present investigation reveal
some definite differences in the chemistry of the two kinds of chitin.
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EXPERIMENTAL

Pre aration of the materials

The materials used were the pen from ~Lol i o i ndica Pfeffer and the
chaetae from the annelids Nereis diversicolor. These animals are available
in great abundance in Cochin. Chitin from these structures was purified
by extracting the material wi th 1N aqueous NaOH at 'l00 C for 16 to 18 hrs.
For the chaetae, the residue was collected by centrifugation and washed
in running tap water for several days, The material was then dia lysed
against distilled water for 24 hrs  changing the distil'led water several
times during this period!, collected by centrifugation, washed three times
with ethanol and three times in ether, and finally dried in vacuo over
phosphorous pentoxide. The yield was 42' to 467. For the purification of
chitin from the pen of Lo1icpo the procedure was the same except that
centrifugation was omitted, as the amount of material was very large.

Estimation

1.5g of finely ground material was dissolved in 25 mi of 80%
sulfuric acid. The solution waS allowed to stand for 3 hrs at 0 G in a
refrigerator and then diluted to 500 ml with double distilled water. The
solution was autoclaved for 1 hr and distilled in steam; 5 liters of dis-
tillate was collected. The distillate was titrated equivalent to 31 cc
of 0.105 N sodium hydroxide. The volatile acid was characterized as
acetic by the Virtanen-Duclaux method. The residue from the distillation
of the volatile acid was extracted in a continuous extractor with isopropyl
ether for the non-volatile acid. The extract, when taken up with water
contained only a trace of acid.

Estimation of nitro en

The nitrogen content of the chitin samples was estimated by the standard
microkjeldahl method of Steyermark �!.

X-r a~hoto~ra hs

The x-ray photographs were taken in a cylindrical camera after drying
the material in vacuo over phosophorous pentoxide.

V 1Scosi t Of the chi tqsan spluti on

Chitosan solutions from the two kinds of chitin were prepared according
to the procedure of Moorj ani et al. �!, and the viscosi ty was determined
by the Ostwa ld technique,

Relative viscosity = d t
tz

where: d = density of chitosan solution1
t = time of flow for chitosan solution1
t = time of flow for the same volume of water.2

Absolute viscosity is determined by multiplying by 0.00895
poises  the absolute viscosity of water at 25' C!.
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RESULTS

The quantitative estimates of the acetyl groups yielded for the control
piece was 9.62K, and for the experimental pieces 7.4K to 7.64. These
estimates were repeated 3 times and the values were consistently within a
narrow range  Table 1!. The nitrogen content was similar, however, for the
experimental and the control pieces,

The purified chitin from the chaetae of Nereis diversicolor had an
average of 9.57 acetyl content  Table 2!. This value was reduced to an
average of 7,5X after treatment with fuming nitric acid, A still lower
value of 7,4X was yielded by the chitin after treatment with 6N hydrO-
chloric acid.

The purified chitin from the shell of a crab Ne~tunes ~san uinolentus
which is well known as an s-chitin, has an acetyl value of fr'om 7.4i' to
7,64. This value does not decrease after treatment with acids  Table 3!.

Table l. Estimation of Acetyl Content from the
Purified Chitin of the Pen of Lo~li o

Acetyl Content Nitrogen ContentMaterial

A,

1
2
3

Control piece:

Trial 1
Trial 2
Trial 3
Average

Experimental piece after
treating with fuming
nitric acid:

9.47
9,68
9,71
9.62

6.42
6.49
6.58
6.49

Trial 1
Trial 2
Trial 3
Average

Experimental piece after
treatment with 6N hydro-
chloric acid:

7,49
7.29
7.42
7.40

6.44
6.53
6.39
6.45

1 Trial 1
2 Trial 2
3 Trial 3

Average

7.75
7.67
7.38
7.60

6.60
6. 38
6. 57
6.52

Three samples of purified pen of ~li o were selected, one of which was
kept as a control . Of the remaining two, one was treated with fuming nitric
acid and the other with 6N hydrochloric acid at room tempera ture for 4 hrs.
These were then washed thoroughly in running distilled water which removed
the acid present. The x-ray pictures taken of these two experimental pieces
yielded an a-chitin pattern IFig. 1!, while the control piece gave a S-chitin
pattern  Fig. 2!.
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Nitrogen ContentAcetyl Content,Sl
no Material

Control pieces:

Trial 1
Trial 2
Trial 3
Average

Experimental piece af'ter
treatment with fuming
nitric acid:

Trial 1
Trial 2
Trial 3
Average

Experimental piece after
treatment with 6N HCl:

Trial 1
Trial 2
Trial 3
Average

A.

1
2
3

6.38
6.55
6.46
6.46

9,51
9.56
9.64
9.57

7.52
7.49
7.63
7,54

6.51
6.49
6,42
6.47

C.

7,37
7.41
7.46
7,41

6. 54
6.48
6.49
6.50

Table 3, Estimation of the Acetyl Content from the
Purified Chitin from the Shell of the Crab

N. ~san uinoIentus

Acetyl Content Nitrogen Content51
no Material

Control piece

After treatment
with fuming
nitric acid

7.53 + 0. 12 6, 42 + 0. 19

6.32 + 0.147.21~ 0.25

After treatment
with 6N hydro-
chloric acid 7,34 + 0.28 6.41 + 0,16

Table 2. Estimation of the Acetyl Content from the Purified
Chitin o f the Chae tae of Nerei s
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Oifferen it~of the chitosan solution in the two t es of
chitins

Table 4. Viscosity of the Chitosan Solution Prepared
from the Purified Chitin of the Pen od'

~olicLo, Chaetae of Hereis and the
Shell of N, ~san uinolentus

Relative
Viscosity

Absolute,
Viscosity

Sl
no. lglaterial

Pen of ~LoIi o:

Control piece
After treatment with

fuming nitric acid
After treatment with

6N hydrochloric acid

Chaetae of Nereis:

A.

1
2

264.3 1.5720

0.584596,2

112,8 0,6772

Control material
After treatment with

fuming nitric acid
After treatment with

6N hydrochloric acid

Shell of N. ~san uinolentus:

Control piece
After treatment with

fuming nitric acid
After treatment with

6N hydrochloric acid

176,5 1. 3941

87.1 0, 5788

0.630594.9

74.6 0.5332

69.4 0.4893

71.8 0.5127

Expressed in poi ses of the 1X chi tosan in 2X  W/V ! acetic acid.

the pen oi the cephalopod and that from the chaetae of the polychaete were
264.3 and 176,5 respectively, Treatment of the original material with
fuming nitri c aci d and with 6H hydrochloric acid considerably reduced both
the relative and 0he absolute viscosity of the chitosan solution.

The chitosan solution prepared from chitin of the control piece of
m. Sama i oi t s d i om the sa piss oi ch ti after t eatme 92 with i i g
nitriC aCid Or with 6N hydrachlOric aCid haVe Similar viSCOSitieS.

Chitosan was prepared from the purified chitin of the pen of ~Loli o,
chaetae of Pereis and tfe sh ii of m. sancainoient s hy treatment mith
saturated Na0H solution at 100' C for one hr. The thoroughly washed chitosan
� gm! was dissolved in 100 ml of acetic acid. The viscosity of the solution
was then studied; the results are presented in Table 4: the chitosan from
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DISCUSSION AND CONCLUSIONS

Clark and Smith �! reported that treatment with hydrochloric acid
reduces the acetyl content of chitin. The results reported in the present
study substantiate this observation: the B-chitin has a 9.57 to 9,62K acetyl
content, These values are reduced to 7.4OK to 7.54% after treatment with
fuming nitric acid and to 7.41% to 7.6OX following treatment in 6N hydro-
chloric acid.

The materials that were originally gi ving a 8-chitin x-ray pattern
yie'lded an a-chitin pattern after treatment with these acids. In view
of the observati ons recorded, it is likely that the partial deacetylati on
of the B-chitin may result in the conversion to a-chitin.

Estimations of the acetyl content of the original a-chitin from the
shell of crab lend support to this inference. It contains from 7,40K,
to 7.6O'X acetyl content. We suggest that such differences in acetyl content
can be employed as a criterion to distinguish the o- and 6- chitins.

Treatment with either fuming nitric acid or 6N hydrochloric acid does
not affect the acetyl content of the a-chitin of the crab shell. This may
mean that these acids cannot remOve the acetyl groups under these conditiOnS.

The number of the acetyl groups seems to have a bearing on the viscosity
of the chitosan solution, The acetyl content is directly proportional to the
viscosity of the chitosan solution,
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Fig. I . t-ray di f fraction pattern yielded
by the pen of ~Loli o after treat-
ment with fuming nitric acid
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Fig, 2, X-ray diffraction patter n yielded
by the pen of ~Loli o, control piece
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ENZYMATIC HYDROLYSIS OF CHITOSAN
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ABSTRACT

One of the components of the cell wall of the Mucorales is ch1tosan. Fungi
were examined for their production of chitosan; it was found to occur only in
the Mucoral es, but was pr'esent in each of the six f'ami lies examined . Its
degree of acetylation is low �0K! and decreases further with the age of the
culture.

In our study of the lysis of fungal cell walls, chi tosanase, a new class of
enzyme, was found to be essential in the degradation of the Mucorales to form
protop1asts. Thus we studied the microbial degradation of chitosan and we found
that a wide variety of microorganisms from soil and water were capable of
degrading it. Some microbes degraded only chitosan, while others could degrade
both chitin and chi tosar , Purified chi tosanases from bofh groups of organisms
were found to hydrolyze chitosan, but not chitin. The enzymes degrading chitosan
can be subdivided into two major classes according to their specificity--those
that hydrolyze only chitosan and those that hydrolyze chi tosan and carboxymethyl
cellulose, Chi tosanases from indi vidual organisms show different hydr Olyt1c-
action patterns, and the degradative action of chitosanases is dependent on
the degree of acetylation of the substrate, Penicillium islandicum chitosanase
shows high specificity toward cleavage at the C-1 N-acetyl glucosamine linkage
in the polymer. The practical implications of chitosanases are considered.
INTROOLICT ION

We in1tially became interested in chi tosan while studying the cell walls
of score sons fe gi. Certain of these f gi, fl o a d ~hhi s, a cap h1e
of invading burn wounds of debilitated patients~6. Effective treatment of
such fungal infections is difficult, and amputation of a limb or an extremity
can be the only effective cure �!, One potential alternative approach to the
control of such fungi is the selective enzymatic attack of the cell wall of the
mold, Thus we screened for microorganisms that could enzymaticatly degrade
the cell wall of the Mucorales. We found a wide range of fungi, bacteria and
actinomycetes w1th this abi lity. Some of the mor'e effective lytic enzymes
that we obtained from them were later found to degrade chitOsan. Since these
enzymes had not previously been described, we decided to characterize them
more fully and explore their possible uses. This paper reviews our approach
to the enzymatic hydrolysis of chitosan.

THE NATURAL OCCURRENCE OF CHITOSAN

Chitosan was first discovered in nature by Kreger in 1954. By the use of
x-ray analysis and chemical determinations, he characterized it in the cell
elis and spotangiopho es of P~hco ces h1 keslee s �9 . 8 tni ki-Ga ci

*Journal paper of the New Jersey Agricultural Experiment Station, Rutgers--
The State University of New Jersey, New Brunswick, New Jersey 08903.
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and Nickerson subsequently reported it in the cell walls of Mucor rouxii �!.
On the basis of these two reports, Bartnicki-Garcia had the perspicacity to
use chitosan as a chemotaxonomic marker for the 2ygomycetes in his classification
of fungi based on cell-wall composition �!. We have since confirmed this
concept by characterizing chitosan in the cell walls of one member of each of
the Mucorales families tested  Table 1! and s howing its absence in the other
fungal groups  9, 14, 22!. There are isolated reports of chi tosan occurring
in the cell walls of the green alga Chlorella �1!, in the spermatophore stalk
of Podura a uatica �7!, and in the spore walls of the basidiomycete Puccinia
~ramims Ila . Apa t f oa these studies, we h e b e tie to find othe
repOrtS Of naturally oCCurr ing ChitOSan, HOWever, chitin that iS 20% and
40% deacetylated occurs respectively in cuttlefish and in the pen of ~Loli o
�D!.

The degree of acetylati on of fungal chitosans is iow as measured by PMR
spe trascopy. Chitosa f o yo 9 culture of ~cun 1 ha lie echinulata
was show to be 99 acetylated; the p opo tion decreaced to a ounnnR as the
culture aged from two to eleven days  Fig, 1 [14]!.

MICROORGANISMS THAT DEGRADE CHITOSAN

During the investigations on the lysis of fungal cell walls, we �3! and
Ruiz-Herrera �6! independently discovered the presence of enzymes that
degrade chi tosan. We now reglize that chitosan-degrading microorganisms are
extremely cormon in soil �0 bacterial colony forming units per gram of soil
in garden, forest, salt marsh and agricultura'i samples!. The presence of
chi tosan degraders is probably a reflection of the fact that Mucorales are
extremely common soil fungi, and, following their death, a microbial popula-
tionn rapidly develops to utilize their dead hyphae . Dne result that surprised
us was that salt-marsh muds sim/larly contained high numbers of chitosan-
degrading bacteria, As these muds are essentially anoxic, most Mucorales do
not thri ve there. Why, then, should there be such hi gh numbers of chi tosan-
degrading microbes present? Possibilities include:

a! The lytic bacteria are facultative and retain their ability to colonize
aerated soils containing larger Mucoralean populations than the salt-marsh
muds . Thus they retain their ability to degrade chi tosan,

b! Chitin could be deacetylated to chi tosan, resulting in a secondary
population deve iopi ng to utilize this newly formed substrate, Deacetylati on
and deamination of chitin have been suggested as potential routes for the
utilization of chitin  8, 32! . Chit in is common in the salt-marsh environment,
due to the abundance of molted arthropod skeletons, Deacetylation would thus
result in large amounts of chi tosan in the salt-marsh muds. Perhaps analogously,
it has been proposed that. chitosan is synthesized in the Mucorales by deacetyla-
tion of preformed chitin �!.

c! Some other readily available source of chitosan is present in the soil
but has not yet been described; perhaps an animal source.

d! The chitosan-degrading enzymes of the lytic bacteria are not specific
toward chitosan but may perhaps attack chitin and/or cellulose.
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Table 1, Occurrence of Chitosan in Mucorales*

Protoplast Formation
by Penicillium

islandicum +~
Chitns asmFamily

Mucoraceae

Genus

Absidia

Mucor � species!

~nh cam css
~mh '

+1~Or h~nc hu s +  with chitinase!

Pi lobolaceae

Thamnidiaceae

Pi'lairs N,T.
Hel ~icost lum

~scn haiastt mPiptocephalidaceae

Kic kxel laceae Kickxel 1 a N.T.

N.T.Cunninghamellaceae ~C ~ ia ham 11a
Mortierella

*
A compOsite table based on extraction of chitosan in O.4N HCt at

100' C of 20 min, and subsequent hydrolysis by acid or purified chito-
sanase with characterization of the glucosamine and oligosaccharide
products �, 9, l4, 22!.

**Based on Webster I 31!; members of Choanephoraceae and Endogonaceae
were not, available for testing.
***

+ = protoplasts readily formed; + � = protoplasts formed with
difficulty; N .T . = Not. Tested . Addition of chi tinase considerably
aids protoplast formation  see ~Z uriahnchus!.

To explore this last possibility, an agar mplate clearing assaym was employed
to examine bacterial cultures known to degrade chitosan to see if they also had
the ability to degrade chitin and cellulose� . Chi tosan degraders were replicated
onto plates containing chitin or cellulose and screened for the production of
clearing zones around the colony . The results showed that chi tosan degraders
could be subdivided into four groups. Group I was capable of attacking only
chitosan. Group II could attack both chitosan and cellulose. Group III could
attack chitosan and chitin. Group IV was capabi ~ of degrading all three sub-
strates. This showed that there was a grcup of organisms that contained
enzymes specific for chitosan degradation, and that these enzymes could not
degrade chitin or cellulose. In the case of the organisms that could degrade
more than one substrate, however, it does not resolve the question of broad
specificity.
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SPECIFICITY OF CHITOSANASES

The question of specificity o- these lytic enzymes has been resolved by enzyme
purification. The properties of these chitosanases are reviewed in Table 2. Two
preparations, one from P. isiandicom and one from ~itte tom ces No. 6 are specific
for chitosan. Bacterial preparations from Myxobacter Al-1 and Bacteria K-1 and
No. 8 can also degrade both chitosan and carboxymef,hylcellulose. The question
of whether these latter preparations should be termed chitosanases or cellulases
remains unresolved. Another preparation from Bacillus R-4 attacks chiCosan but
not chitin. This characteristic appears to be coneon to all chitosan-degrading
enzymes purified to date, In general, enzyme. attacking chi tosan fall into
two groups: those specific for chitosan, and those that attack both carboxy-
methylcellulose and chitosan. Hone hydrolyze chitin to any marked degree,
The P. islandicum chitosanase will slowly hydrolyze the pentamer of N-acetyl
pl rosa earns ot s aine oi'po e s.

MODE QF ACTION OF P. ISLANDICUM CHITQSANASE

The P, islandicum chitosanase was purified 38-fold to homogeneity from a
crude culture broth with a 42K recovery  9!. This enzyme attacks chitosan in
an endo-splitting manner, as meas.ured by the i apid decrease in viscosity of
chitosan and the formation of mainly oligomerlc end products. It appears to be
similar in action to the other chi tosanase enzymes studied to date  Table 2 !,
The action of P, islandicum enzyme toward chitosan depends on the degree of
acetylation of the substrate. Greatest activity is shown toward the m30-60fm
acetylated chitosan, with less activity toward polymers of lower degrees of
acefylation and no activity toward chitin per se  Fig. 2!. In comparison,
a chitinase from Serratia marcescens �4! is active only toward highly acetylated
polymers  Fig. 2!,

The mode of action of the enzyme was investigated by analysis of the
degradatian prOduCtS frem 30K and 60". acetylated Chitusan subStrateS. LOng-
term incubatio~ with the 3DX acetylated substrate yields oligomers plus a tri-
saccharide and some N-acetylglucosamine  Fig. 3!. The 6Dt acetylated substrate
is degraded to oligomers plus a disaccharide and some H-acetylglucosamine.
The reducing terminus of the oligomeric products is either glucosamine or
N-acetylglucosamine or a mixture of both. These terminal reducing sugars can
be identified through reductive tritiation, followed by selective nitrous-
acid degradation. In the nitrous-acid degradation of amino sugars the following
conversions occur  Fig. 4 [ 13]!:

a! glucosamine to 2,5 anhydromannose as a monomer or within a polymer;
b! g'Iucosaminitol to 2-deoxyglucose;

c! N-acetylglucosamine and H-acetyl glucosaminitol are unchanged.

In order to determine the new reducing-sugar terminus of the reaction products
from a 30% acetylated chi Cosan, the reducing ends wer e labeled, using sodium
borotritide, and the oligomeric and trimer products were purified by repeated
gel filtration  Biogel P2!. The trimer and the oligomers were then individually
treated with nitrous acid and the products analyzed by paper chromatography.
The only radioactive product from the tr imer is H-acetyl glucosaminitol  Fig. 5!,
indicating that N-acetylglucosamine is the terminal reducing sugar of the
tri. accharide. Furthermore, this N-acetylglucOsamine must be linked to
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glucosamine since no radioactive dimer products are formed. Similarly, the
labeled oligomers, when treated with nitrous acid, yield only N-acetylglucosaminitol
 Fig. 6!. No 2-deoxyglucose, the degradation product from glucosaminitol, was
Observed. These results suggest that P, islandicum chitosanase shows high
specificity toward cleavage at the t-l N-~acetyig vcosamine linkage in the polymer,
and yet also has a requirement for binding of glucosamine. In the idealized illus-
tration of the degradation of a 30% chi tosan  Fig . 7 !, only reaction sequence
I produces terminal N-acetyl glucosami ne residues .

USES OF MICROBIAL CHITOSANS AND CIiITOSANASES

I ! Food and Drug Administration approval for the use of chi tosan films in
food packaging requires evidence that chi tosan is nontoxic to humans. Mucorales
have been used worldwide for centuries to supply the active factor in microbial
fermentations of food products  Table 3!. We have demonstrated that these
fungi contain chitosan in their cell walls, and thus the chitosan in fungal hyphae
appears to be non-toxic in long-term consumption. Direct feeding trials with
rats, however, show that high levels of chitosan salts �5K! do appear toxic �0!.

2 ! Wound-healing accelerators: This role has been discussed by Balassa and
Prudden  these Proceedings!. Immobilized chitosanases allow the ready production
of a range of large chitosan oligomers that could be used in this intriguing
application.

3! The wide occurrence of organisms capable of degrading chitosan alerts us
to the danger s of indiscriminate use of chi tosan in situations where microbial
growth can prevail. More positively, since chitosan is readily degradable, it
could be used in situations where degradation is propitious, e,g,, in medical
sutures. Chitosan is non-allergenic. Sutures of chitosan could be adsorbed,
and would have the additional advantage of acting as wound-healing accelerators.

4! Chitosanases are prime tools for converting gummy chitosans into
small oligosaccharide ~nits, without the use of harsh reaction conditions,
The products are thus amenable to PMR analysis to determine the degree of
acetylation  Fig. 1!,

5! Chitosanases have been used for the preparation of protoplasts from
Mucorales, which can then be used in genetics for somatic hybridization �, 5!
and for studying membrane and cell-wall synthesis and membrane-bound enzymes
�g!.
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Table 3. Use of Macorales in the preparation of Foods

Description Geographic
Organism s} Substrate of Food LocationMame s!

Farinaceous
materials

Soft cheeseAtsumandie IndiaHucor sp,

Soybean Red cheeseHon-Fan

Kaffir Beer
China

Malawi

Mucor sp.

As er illus fiavus Sorghum or
starch grainsMucor rouxii

Rice, soybeans,
cereals

OrientA~cur illus ~so seKoj i
A. ~or zae
~Rhl*o us sp.

Rice OrientHansenula sp.
C~hl Somuco .,p.
Mucor sp,

Mucor sp.

Lao-Chao

Rice Chinese yeast Or ient
alcohol

kevain of
Sikkim

Meitauzaw Foodstuffs China

Wheat gluten Foodstuffs OrientMinchin

Rice beer India,
Hi ma 1 aya s

Orient

Murcha

Ragi Cheese and
starter for
other fer-
mentation

Actinomucor ~ele ans Soybeans Cheese-likeSufu China,
TaiwanMucor sp.

A~so ill s sp.
~hhizo ~ s sp.
Mucor sp.

Rice, soybeans,
~heat or
cereals

k~o'1 fnoculum OrientTane-Koji

Rice and
prepared rac}i

Soybeans or
coconut meal

A 1 co ho 1 i c
sweet paste

Food

Indonesia

East
Indi es

U.S.A.Beef Aged Beef

* Based on a review of all available references to MucOrales; includes
fermentations in which they may be a minor component �7}.

Tape Ketan

Tempeh

Thamnidum

Mucor meitauza Soybean cake
~Actinomucor el' ans! res,idues

~psecilom ces sp.
A~oil 1 s p.
Trichothecium sp.

Peni cil li um sp .
Fusarium sp.

Mucor sp., Hansenula Rice
anomala var. ~sche i

Chl~a pdnmucor sp, Rice
1%>zebus, IIanSenula sp.

~Rhizo s p.
A~ill ~ s p.

~hhi* us
~oli o us

Thamnidium sp.

Alcoholic
beverage
 riboflavin!

Inoculum for
propagation
of mold for
sake, ~sho u
production

Foodstuffs
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Figure 4. Products of nitrous acid degradation of glucosamine gluco-
saminitol and of chitin/chitosan oligomers �3!.
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CLEAVAGE OF 30% CHITOSAN
  c' ISLANOICUNI!

R
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Figure 7. Three potential specific idealized schemes for the enzymatic
degradation of 30% acetylated chitosan. Only Scheme I
yields N-acetylglucosamine as the reducing terminus.
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D!STRIBUTIDN AND ACTIVITY OF CH[TINOLYTIC ENZYMES IN THE
DIGESTIVE TRACT OF BIRDS AND MAMMALS

Ch. Jeuni aux and C Cornel i us

Laboratories of Morphology, Systematics and Animal Ecology
Zoological Institute, University of Liege,

B-4020 Liege, Belgium

ABSTRACT

The extraction and purification of chiti nolytic enzymes devoid of
any lysozymi c activity, taken from the gastri c mucosa of manmmls, indi-
cated that these enzymes are true chitinases, rather than lysozymes with
chitinolytic activity.

A close relationship was found between chitinase secretions in the
digestive tract and the nature af the norma! diet of the species considered.
Changing the diet of an animal  mouse, rat, hamster, guinea pig! for a
few weeks did not modify its ability or inab i 1 ity to secrete chi ti nase.

In the digestive tract of birds, chitinase is secreted only by the
gastric mucosa. All the more or less insectivorous birds so far studied,
including chickens, do secrete gastri c chiti nases . Na chi tinase secretion
was detected in the pigeon or the parrot.

In maomals, gastric chitinases were found in omnivorous and in-
sectivorous species belonging to the orders Insecti vora, Chiroptera,
Carnivora, Rodenta and primates. In the pig, chitinases are secreted by
the gastric mucosa and by the pancreas,

The digestibility of chitin in both a purified and a natural form was
estimated in feeding experiments with mice, Japanese nightingales and
chickens. From 19K ta 58% chitin was digested by mice and chickens that
were fed a diet containing pure chitin, and by Japanese nightingales
that were fed mealworm larvae.

INTRODUCTION

Since the discovery by Jeuniaux �2! of a secretion of chitinases in
the digestive tract of some vertebrates, these enzymes, whose glandular
ori gin was clearly demonstrated by Dandri fosse et al,   7!, have been sought
in a wide series of species  9, 13, 14, 21, 22!.

In order to explain the erratic occurrence of chi tinase in the
vertebrate species sa far studied, it was suggested that the secretion of
chitinase by the gastric mucosa or by the pancreas was corrected with
the feeding habits of the species, an adaptative correlation that was
the result of a regressive evolution �4, 16!. This statesmnt was
confirmed by the study of a wide series of fish, amphibians and reptiles
�1!. A correlation between chitinase secretion and diet was also
pointed out in the case of masaial s belonging to the order Carnivora �!.
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Owing to the wide distribution of lysozymes  E.C. 3.2.1.17!  ll, 17!
and to the fact. that these muramidases are able to hydrolyze chitin and
some of its derivatives �, 3, 18, 20!, the question arose as to what
extent the "chitinases" so far identified in the digestive tract of
vertebrates were truly specific for chitin hydrolysis or were lysozymes
with chitinolytic activity. It was observed that some pancreatic or
gastric extracts of vertebrates with high chitinoiytic activity were
devoid of any significant lysozymic activity �, 8!, Moreover, Cornelius
et al. �! were able to purify a chitinase devoid of any lysozymic
activity from the gastric mucosa extracts of a pr imate  Perodicticus !blotto!.
This enzyme showed both chitinolytic and lysozymic activities, It
concluded that the chitinolytic enzymes observed in the digestive tract
of vertebrates are "true" chitinases  E.C.3,2.1.14!.

It is likely that the secretion of chitinases by some birds and
maaITmls allows the digestion of chitin in the diet to some extent. The
ability to digest chitin in viva, however, has never been indicated. This
ability will depend mainly on the chitinase concentration in the gut, on
the optimum pK of these enzymes, on the physical and chemical state of
the chitin provided with the diet, on the duration of the intestinal
transit, and perhaps on the presence or absence of chitobiase  E.C.3.2.1.
29!. The aim of this paper is to sum up the quantitative data concerning
the distribution and activity of chi ti nases and ch itobiases in the gut
of birds and mammals, and to ori ng out some preliminary experin»ntal
results dealing with chitin digestibility.

METHODS

The organs used were dissected, washed, dried on filter paper, wei ghed
 "fresh tissue"!, and then homogenized in a vmrtar with sand and distilled
water. The suspensi on was allowed to stand overnight at 4 C, then
centrifuged. The supernatant  "enzyn» extract"! was kept at -20' C until
an enzyme assay could be made.

Owing to the low chitobiase concentration in most enzyme extracts of
vertebrates, the chitinase activity was measured according to the n»thod
of Jeunia ux �4, 15!. This method uses a "native" chitin suspension
prepared from cuttlefish bones as a substrate, A 1 ml chitin suspension
� mg/ml! was incubated in a 1 ml of buffer at pH 5.2 and 37' C with
1 ml of the enzyme extract and 1 ml of chitobiase solution   lobster serum
diluted 10 x!. The Il-acetylglucosamine concentration was measured �3!
and the chitinase acti vity expressed in ug of H-acetylglucosamine  M-AG!
liberated x hr-lx g ' of fresh tissue.

The chitobiase activity was also estimated by the above method, using
as a substrate a preparation of chi tobi ose obtained by hydrolysis of chitin
with a purified chitinase �4, 15!.

The chiti n digestibility experiments were performed on mice   Mus muscul us,
"slid" steal ~ C GBB, 2-a ae shs la!. chl he s  G 11 ~ s ~allus, la day~ad
and Japanese nightingales ~o~r'x ~ie, adults!. The experin»otal
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animals were fed at regular intervals and reared in individual cages
 arranged to collect a'll the excrement!. The mice were fed  for 3 days!
a mixture of starch �6K'!, casein �8%!, corn oil �62:!, 16,5 gl of
purified ground-shrimp chitin, and a gelatin solution as an excipient.
The chickens were fed  for 5 days! a commercial food for poultry, with
the addition of 4 gX of purified ground shrimp chitin, The Japanese
nightingale was fed dead mealworm larvae  Tenebrio molitor! and milk  for
2 daysl. Th excrenent was calle t d d 1 g tile nut ttan pe i t f
3 to 5 days, and then for 4 more days. It was then ground, treated
with NaOH 2N at 100' C for 3 hours. washed and centrifuged. The
residue was hydrolyzed by HC1 11N ai. 40'C for 30 hours �4!. After
neutralization, the glucosamine and N-acetylglucosamine concentrations
were measured respectively by the methods of Levvy et al. �9! and
Reissig et al. �3!, in order to calculate the amount of chitin by
using a correction factor.

RESULTS

The location and activity of chiti nase in 1 0 species of birds are
given in Table 1.

The enzy  e extracts of the liver, duodenum and intestinal mucosa
of birds showed at most only very low and questionable ch i ti nolyti c
activities. Ch i tobiase ac!i vity was absent or very low in every case   1 ess
than 200  dg N-AG x h x g fresh tissue! except in the caecal contents
of the chickens �160 pg N-AG x h x ml  !.

The chitinase activity in the gastric mucosa and pancreas of so  m
mammals is given in Table 2. Only positive results are given, except
for the interesting negative data concerning man, In additio~, no
chiti nase was found i n the stomach or in the pancreas of the following
mammal species: sheep  Ovis aries!, rabbit  Or ctola us cuni cul us
guinea pig  Cavia po rellusl, cat  feiis donesticus, stoat Nustela
erminea!, ferret �4ustela furo!, marten  Martes ~foina and sloth
 ~Cho oe s huff nT . TTh Nhitohi se activity as y 1 fo thg
no s , e c pt i the caecal o t t �160-136S kg N-ag 1-1 ~ 1

The values of chitin digestibility in vivo are shown in Table 3,

DISCUSSION AND CONCLUSIONS

In birds as in mar nials, the di stribution of chitinase secretion is
not a matter of systematics, but is related to the nature of the usual
diet of the species. Gastric chitinases were at least occasionally
found in 8 bird species that are more or less insectivorous. No
chitinase was found in two strictly grain-eating birds, the pigeon and
the parrot.

The same was also true for ma rm ais, Insectivorous .and omnivorous
species secrete chitinases in the digestive tract, while more specialized
species, both carnivorous and herbivorous, do not, However, it has been
demonstrated that in rodents the secretion of chiti nase was not modified
by the addition of chitin to the diet for 1 to 3 months �0!.
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Table 2. Chitinase Activity in Gastric Mucosa
and Pancreas of Some Mammals

Activity: qg II-AG x h ~x 1 Fresh Tissues

Species Pancreas Reference

Chiroptera

13Rh~snolo hus rerrum ~einu 51 80

Insectivora

i ~la ~eu o aea 13 and
original

13

238-435

Er naceus ~ero acus 10

Suidae

Sus domesticus 540-832 700-1200 13

Rodents

Mus musculus

Rett s ~no e icus

Cricetus frumentarjus

2254 10

133 10

Carnivora

252Canis domesticus

IIu~les ~vol t.. 1239

Primates

1245-5500Perodicticus ~otto

Cen s ~ca i ~ ori ginal

original

4950
*'

Homo ~sa iens

Three series of assays, with samples from 3 different individuals,

young
adults

Gastric Mucosa
 fundus

and pylorus!

13?-178

3350-7560

2330 + 139
'1155 X 151

10
10
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Chitinases are secreted by the gastric mucosa of different marrlrals and
by the pancreas of the mole and pig. The chitinase activity in the gastric
mucosa extracts was generally lower in mammals than in birds. The purified
ground-shrimp chitin was digested to some extent by two mice �9K and
58,6% of the ingested chitin! in the experimenc reported in Table 3, but
was not digested at all by two other mice in a second experiment.

Table 3. Chitin Digestibility in Mice and
in Two Species of Birds

Specimen Chitin Chitin in
no. Ingested  mg! Excrement  mg!

Chi ti n
Digested 4Species

Mus musculus 1
re~ass 2

189, 4
285. 8

58.6
19.04

457. 5
353. 0

2000.0
2000,0

Gall us gal 1 us 1
~chic~ken 2

1530.0
1365.5

23. 5
31. 7

Liothrix lutea 1
raapaaese

nightingale!

656,15 283.34 56.8

It must be emphasized that no chitinase was found in man, neither in
the fundic and pyloric mucosa nor in the pancreas. Gastric chitinases
were found, however, in two species of primates.

Owing to the very low ch i tobiase concentrati on in the various parts of
the digestive tract in all the species studied  with the exception of the
caecal content in the chicken and in the mouse!, the metabolic utilization
of the hydro'Iytic products of chitin can be questioned. A study of the
hydrolysis and absorption of chitobiose and chitotriose in the digestive
tract of vertebrates is in progress in our laboratory.
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In birds, the only site of chi tinase secretion seems to be the glandular
stomach, The chitinase acti vity in the enzyme extracts of the gastric
mucosa is often very high, especially in the starling. In Gallus gal!us,
the young chickens are as well equipped with gastric chitinases as adults
are  Table 2!. Chitin was actually digested by the young chickens �5 days
old!, when purified shrimp chitin was added to the normal food, The
digestibility coefficient was 23.5-31.75  Table 3!. The chitin of dead
mealworm larvae, without any previous treatment, was more easily digested
by a Japanese nightingale  digestibility coefficient: 56.8'L!.
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ABSTRACT

We were the fi rst to use the enzyme ch itinase to hydrolyze the chitinous
layer of the peritrophic membrane covering the gut wall of certain
lepidopterous larvae, which facilitates penetraticn of spores of the
entoampathogenic Bacillus ~thurin ieosis fro the gut 1 to the hemoly ph
of larvae. As a result, B. thurin~iensis now serves as a basis for several
biological insecticides used in many countries because of their pollution-
frae properties a d safety. Th ~ additi ~ of hiti as to 6, th ~mhi sis
preparations increases their efficacy as protection against the spruce
budworm, a serious defoliator of spruce and fir forests in eastern Canada
and the United States. At present, chitinase is obtained from the
fermentation of microorganisms, and it costs more than $200 per gram.
The method proposed here consists of extracting chitinase from the gastric
juices of freshly killed chickens at very low cost. A technique is also
proposed for the semi-industrial extraction, concentration and purification
of chitinase.

INTRODUCTION

The acti vity of the enzyme chiti nase sold by chemical companies is
usually in the order of 1200 nephel ometric units; it can be kept for a few
months at 4' C. It is difficult to obtain quanti ties of ch i tinase exceedi ng
100 mg., however, si nce most manufacturers do not stock th is product because
of its high cost !I$200 per gram!.

Recently, it was determined that the addition of traces of chitinase to
B. thuri ~ rliensls form lations  lg,goo ~ eph ~ lnnmtric unite/ha! accelerated the
action of the bacillus on larvae of the spruce budworm, a serious defoliator
Of fir and spruCe fOreSts of eaStern Canada and the United States. AdditiOn
of chitinase favors the pathogenic action of 6, thurin iensis even at low
environmental temperatures  I j.

In order to apply this treatment on a large scale, it is essential that
large quantities of chitinase be made available at low cost by finding
sources of production other than the fermentation of microorganisms, The
process now used by manufacturers, namely fermentation of certain micro-
organismss s ch as the hacte ia ~stre to ces a tihioticus a d the f g'
Beauueria sp, and ~Car ce s sp. is ot only expensi e h t also long and risky.
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SOURCES OF CHIT!HASE

During an evaluation of the different sources of chitinase in organisms,
we found that gastropods  the snail He11x !jomatia L.!, crustacea  Homarus
ulrla is M. Ld .!, scorpions !h drocton s sp. L.j tact chians !the f g,

Rane ternrorari L.!. and spa ~s the ightinga1 , Li th 1 1 t ~!i!
sho g t ch 1 ti no 1 gi 1 actin ty 1 the 1 t ti ~g ts d hepatopa c as .
But our attent1on was centered on the chicken  !ga'llus ~allus L'.! because it
has high ch1tinolytic activity and especially because chicken gizzards and
intestine  guts! are readily available as waste material from poultry
processing.

Many extractions of chitinase and chitobiase from the gastric and
intestinal content of chickens were performed in the laboratory, and costS
were also determined, Since the tests gave positive results, we developed
a method of extraction of chitinase from the chicken gastric and intestina1
chyme. 0 .5 gm of ch it1nase havi ng an acti vi ty of 890 nephelometri c units
was obtained from 300 chicken gizzards and i ntest1nes.

Method of extraction

1. Raw material: gizzards and intestines frov! freshly ki fled chickens
were dipped i!jm!ediately in a solution buffered at pH 5,2 and containing
0.02 M citric acid, 0.02 M disodium hydrogen phosphate  Na~HPO ! and
10 mg of thymol per liter of solution  antibiotic!.

2. Other substances required: colloidal chit1n from technical chitin,
concentrated hydrochloric acid, hydrochloric acid diluted 1/10, sodium
hydroxide 92/10, ammonium sulfate 55K.

3. Equi pnmnt: large centrifuges, filters, tanks,
4. Process for the semi-industrial extraction of chitinase:

The figures given below are for obtain1ng 100 grams of enzysm with
an activity of 850 to 900 nephelometric units, which is suff1cient in
a treatm nt ith g. th i~lid.

a! 60,000 gizzards and intestines of freshly killed chickens are
placed in 4,000 liters of buffer solution, pH 5.2, as described above,

b! Filtrai,ion nf the solution through glasswoo1; centrifugation
at 4.500 r.p.m. for 10 minutes. The supernatant is collected and
placed in a second container.

c! Addi tion of 5 kg of colloidal chitin shaken for 10 minutes .
The solution i s centrifuged at 4, 500 r. p. m. for 1 5 minutes� . The
deposit i s collected,

d! The deposit is washed in 100 liters of buffer solution pH
5.2 then centrifuged at 4,500 r.p,m, for 15 minutes. The precipitate
is collected.

e! The precipitate is added to 100 1iters of buffer solution, pH
5.2, and maintained at 37' C with light stirring until hydrolysis of
the chitin is neariy complete.

f! This solution is centrifuged for 10 minutes at 4,500 r.p.m.
The supernatant is treated with 55 kg of ammonium sulfate  saturation
at 55K!.
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g! The saturated solution is centrifuted at 4,500 r.p.m. for
10 minutes. The deposit obtairied is chitinase with an activity of
100 to 150 nephelometric units.

h! Purification of the enzyme:

The enzyme is returned in 20 liters of buffer pH 5.2 with
1,2 kg of colloidal chitin. Hydrolysis at 37' C with weak
stirring until total reduction of turbidity is obtained.

The solution is centrifuged 15 minutes at 4,500 r.p.m.; the
supernatant is saturated in ll kg of  HH 
SO, then stirred
and centrifuged 10 minutes at 4,500 r.p.rt. Tike deposit is
collected.

i! This last operation can be repeated if the activity does not
reach 850-900 nepheloiretric units,

5. Cost of maceria'ls to manufacture 100 g of chitinase:

a! 34aterial: hydrochloric acid  concentrate! 15 gallons $37.44
hydrochloric acid diluted 1/10
sodium hydroxi de 1/10

b! hhthod:

The technical chitir, is treated:3 times as follows: 24 hours
in 15 gallons of hydrochloric acid l/10, filtration, and 24 hours
in 15 gallons of sodium hydroxide 1/10.

After fi Itration and drying, the chitin is slightly soistened
in acetone and then dissolved in 15 gallons nf concentrated
hydrochloric acid, This highly viscous suspension is filtrated
in fritted glass funnels in a flask containing distilled water
�5 gallons, according to the above-mentioned calculation!.

The chitin is precipitated in a colloidal suspension, filtered,
collected in di sti'lied water and filtered a few times at pH 6.4.

The colloidal chitin is then vacuum dried.

Citric acid
Sodium phosphate dibasic
Thymol
Airmenium sulfate
Chitin  technical!

6. Preparation of the colloidal chitin..

20
15
60
80
10

kg  maximum!
kg
g
kg  maximum!
kg

$68.22
50. 75
2.40

97.23
172.80
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7. The activity of the chitin obtained after purification is determined and
checked by nephelometric analyses. It should not be below 850 nephelometric
uni ts.

Assessment of chitinase acti~vit

The nephelometric analyses consist in measuring the variation of turbidity
by nephelonetry of a colloidal suspension of chitin before and after the
enzymatic lysis, Lysis is obtained after 2 hours of incubation at 37.5' C,
pH 5.3  buffer solution: citric acid 0,1 8 and disodium hydrogen phosphate 0.2.
Ten nephelonetric units measured the activity of 1 mg of chitinase which
provoked a 5DK decrease of the turbidity of a suspension of colloidal chitin
containing 0.3 mg per ml of suspension,

DISCUSS ION

The method can ne readily used on an industrial scale. The on'ly alteration
required is the installation of a collecting device for chicken gastric juices
in chicken-processing plants. These juices can easily be concentrated and
stored aseptical ly for subsequent chitinase production. The low-priced chitinase
thus obtained can be very useful as an additive in biological insecticides for
increasing their efficacy, serving as a base for contact or stomach chitinolytic
chemical insecticides. It also has other potential industrial uses.
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CHITIN DIGESTION IN THE DIGESTIVE TRACT OF FISH
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ABSTRACT

Since many Crustacea are consumed as bait by fish, 1t can
be assumed that a chitinolytic enzyme must, be present in fish
digestive organs.

The present study is concerned primarily with the study of
the chitinolytic enzyme secreted from the d1gestive organs of
the fish, Lateolabrax 'a onicus, and secondarily with the chi tin-
decomposing enzyme of bacter a orig1n in its digestive tract.

The chitinolytic activities were invest1gated by measuring
the amount of N-acetylaminosugar 11berated, and the decrease
of the substrate in the reaction mixture, using prec1pitated
ch1tin and native chitin as the substrate.

The chitinolytic enzyme of non-bacterial origin was found
to be highly active in the stomach, but little or none was
discerned 1n the intestine,

Nearly al'I the bacteria found in the fish digestive
tracts have chitin-decomposing abilities . The populations
of chitin-decomposing bacteria were on the order of 104 - 10g
per gram of the contents of the f1sh digest1ve tract. These
bacteria were classified into the genus Aeromonas, Vibrio and
~A1 inomonnn.

Conspicuous differences were observed in the pH stability
curve and in the optimum temperature between the properties
of the chiti nolytic enzyme of non-bacteria 1 and of bacterial
origins.

The results obtained show that chitin seems to be de-
composed simultaneously by both bacterial and non-bacterial
actions 1n the fish digestive tracts.
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INTRODUCTION

For a long time it was believed that the higher animals
did not digest chitin, although the possibility of symbiotic
bacteria aiding animals in the digestion of chitin was discussed
by many investigators.

Chitin-decomposing bacteria were isolated from the intestinal
contents of several canmon marine arimals. For instance, from a
hundred to more than a thousand chitin-decomposing bacteria per
cubic centimeter were found in the stomach contents of squid and
other cephalopods which ingest chitinous food �6!, suggesting
that many bacteria may play an important role as symbionts aiding
animals in the digestion of chitin.

Recently, it has been shown that the distribution of chitino-
lytic enzymes among invertebrates is much mOre extensive �, 6,
7, 9, 15!. lhe presence of chitinolytic enzymes among vertebrata
have been found in fish, some lizards, birds and nmmmals  8-10!.

In the digestive tracts of some animals, the decomposition
of chitin seems to be carried out simultaneously by both bacterial
and non-bacterial acti ons . The investi gati on reported here was
undertaken to obtain some information on this point.

Jape ese sea bass Icatealabrax Lsacascu p was used tc is-
vestigate the chitinolytic enzyme c' non-bacterial origin and
the chitin-decomposing bacteria in the digestive tract of this
fish. A supernatant solution from the homogenates of fish
digestive organs was used as the enzyme preparation, and the
precipitated chitin and native chitin were used as the enzyme
substrate, A chitinolytic enzyme produced by isolated bacteria
was prepared by salting out wi th arsnoni um sulfate � .8 saturation!
from the culture filtrate. The chi ti nolyti c activities were
investigated by measuring the amount of N-acetylamino sugar
liberated �3! and the decrease of the substrate in the reaction
mixture.
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EXPERIMENTAL RESULTS AND DISCUSSION

Non-bacterial ori in

Table 1 shows the distribution of chitinolytic activity
in the digestive organs of a few kinds of aquatic animals, It
indicates that chitinolytic activity was found in the stomachs,
livers, and spleens of all fish tested, while, with the cepha-
lopod tested, it was found in the stomach, liver and buccal
mas s.

Although no attempts at purification of the enzyme were
made, several properties of the enzyme reaction were investi-
gated with the crude enzyme preparation trom the stomach of
tateoiahrax ~e onicos.

The time courses for the activity of the chitinolytic
enzyme are shown in Fig, 1, The increase of oligosaccharides
was rapid up to 6 hours, but little monosaccharide was formed
in this period of incubation. The optimum pH value was
approximately 4, This pH value i s similar to that of molds
I12! and more acidic ehions than to that oi ~Basidio cetes
�! and St~re tom ces �!. The enzyme was stable at pH 3-8
but unstHa h~e at pHHH. The optimum temperature was observed
at 55-60' C, and the enzyme was stable at 20-60' C but lost
almost all activity at 70 C.

Enz atic h drol sates of chitin

A portion of a filtrate of the reaction mixture was subjected
to thin- layer chromatography  TLC! to determine the products of
the enzyme reaction. TLC was carried out on silica gel G, using
n-buthanol, acetic acid and water �0:3:7! as the developing sol-
vent.

TLC showed the presence of three spots which were stained
with ani lin phthalate, ani lin oxa late and Elson-Morgan reagh:nts.
Two spots have the same Rf values and colors as authentic N-
acetylglucosamfne and glucosamine respectively,



557

Table l. The Distribution of Chitinolytic Activity in the Digestive Organs of
a Few Kinds of Aquatic Animals

Species ActivityOrgans

tateolabra ~sonic ~ s
++
+

Serials Genie credit ta
+

dubius

Stichaeus ~i or'ewi

Gadus ~necrose hales

Mustelus manazo
+f
++

0~meant e h s elenchi Gacific ~ s

P~ol us dof1eini

iso activity
+: Slight activity

d.+: Considerable activity
+++: High activity

Stomach
Liver
Gall bladder
Spleen

Stomach
Liver
Gall bladder
Spleen
Pancreas

Stomach
Liver
Gall bladder
Spleen

Stomach
Liver
Gall bladder
Spleen

Stomach
Liver
Gall bladder
Spleen

Stomach
Liver
Spleen
Pancreas

Stomach
Liver
Buccal mass

Stomach
Liver
Buccal mass

++
+

++
+

+ff
+
+
+

+++
++
++
++

+++
+++
cv
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Another portion of the reaction mixture was passed through a column af Oowex
50-XB to adsorb hexosamine and hexasamine oligosaccharides �!. The elution
pattern of column chromatography of Oowex 50-X8 showed two fractions. This
chromatographic analysis showed the presence of N-acetylglucosamine and its
oligosaccharide in the reaction mixture.

In the present study the digestion of chitin by the enzyme obtained from the
fi sh stomach yielded a mi xture of N-acetylglucosamine, its oligosaccharide and
a little amount of glucosamine, however, it was found the enzyme preparation
fr om the fish stomach apparently is left unchanged if incubated with N-
acetylg lucosami ne, probably because of deacetylati an of the chitin substrate
 precipitated chitin! during its preparation.

It has been observed by many investigators that the end product nf the
action of the crude chitinolytic enzyme on native chitin was N-acetylglucosamine
�, 11, 14!.

On the basis of the substrate decrease and monomer and oligomer increase,
it is assumed that a higher oligosaccharide that can nat be depolymerized
with glucosidase was formed in the enzyme reaction  Table 2!.

Table 2. Correlation of the Oecrease of Substrate and the Formation of
N-Acetylamino Sugar

The Formation of N-Acetyl-
glucosamine  qg!

The Oecrease of
Substrate  mg!Enzyme  ml ! As monomer As aligomer

Bacterial ari in

The bacterial population was estimated by a ZaBell 2216E agar plate medium
supplemented with precipitated chitin, As shown in Table 3, it was observed
that a considerable amount of chitin-decomposing bacteria was present in the
fish digestive tracts, where as many as 10~ cells per gram of the digestive
contents were found . It is therefore necessary to consider the possibility
that such bacteria may play an important role as symbiants that aid animals
in the digestion of chitin.

The dominant chitin-decomposing bacteria were isolated and determined
taxonomically. These bacteria showed the characteristics of genus Aeromanas,
iiiirsi ~ ar ~A1 i ononas.

2.0
1,5
1.0
0.5
0,1

6. 81
6. 81
6. 67
4,58
1. 97

32
24

18 0 0
1168
1056
944
640
168
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Table 3, The Population of Chitin-Decomposing Bacteria
in the Fish Digestive Tracts

Bacterial populations

Exp. Digestive Tracts Total Chitin

1 Stomach

Pyloric caeca

Intestine

Z.4x10 Z.4xl0

3.5xl0 3.5xl0

3.5x10 3.5x10

2 Stomach

Pyloric caeca

Intestine

5.0x10

3.5x10

3 Pyloric caeta

Intestine

1.4xl0

3.3x10

1.4x10

3,3x10

4 Pyloric caeca

Intestine

*Total: Total heterotrophic bacteria
**Chitin: Chitin-decomposing bacteria

From the strains isolated, Aeromonas sp. 9 and Vibrio sp, 15 were used in
the enzyme study. The former was isolated in the stomach and pyloric caeca and
the latter in the pyloric caeca and intestine.

The optimum pH value for the chitinolytic activity of Aeromonas sp. 9 was
found to be 5.5-6.0. This pH range was similar to that of Basidium cetes �!

d ~gt e t d o«e elkell e gl th th ~ t of olds 12 d the
fish stomach. However, the opt~mum pH value was found to be 7.0 in the
CaSe Of Vibrip Sp, 15.

Between pH 5.0 and 9,0, the enzyme of Aeromonas sp. 9 was stable. It
became unstable when the PH value was reduce~to ess than 4.5. Between pl-l 5.5
and 9.0, the enzyme of Vibrio sp, 15 was stable; it became unstable at less
than 5.0. These pH-stability rurves differed considerably from those of the
fish stomach.

The optimum temperatures of the chitinolytic activity of two bacteria were
observed at about 40' C, a temperature lower than that observed in the stomach
 IZ!,

As shown in Table 4, the decrease of the substrate was slightly more than
the increase of monosaccharide, and a small amount of oligosaccharide was found
in the reaction mixture. On the basis of the data in Table 4, it was assumed
that the higher ol igosaccharide, whi ch cannot be depol ymerized wi th glucosidase,
is present in only very small amounts.

5.5x10

4.0x10

3.0x'10

5.0810
7

3. 5x10

5.2x10

3.9xl0

3.0x10
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Table 4. Correlation of the Decrease of Substrate and the Forma-
tion of N-Acetylami no Sugar

Formation of N-Acetyl-
Decrease

strate ~m
Reaction Temp,

The TLC of the digested products by the bacterial enzyme gave two spots.
The r apid spot had the same Rf and color developing as an authentic N-
acetylglucosamine. The HCl-hydrolysates of the digested products gave a
single spot with the same Rf' and color developing as an authentic glucosamine.
Accordingly, the digestion of chi tin by a bacterial enzyme yielded the mixture
of N-acetylglucosamine and its oligosaccharide.

CONCLUSIONS

The chitinolytic enzyme was widely distributed in the fish digestive organs.
It was found that the chitinolytic enzyme of non-bacterial origin was highly
active in the stomach of fish, but absent or relatively inactive in the pyloric
caeca and intestine,

The main substances formed by the action of the enzyme are N-acetylglucos-
ami ne and its oli gosaccharide, when precipitated chi ti n is used as the enzyme
substrate.

The greater part of the total heterotrophic bacteria present in the diges-
tive tracts of fish was a chitin decomposer. These chitin-decomposing bacteria
were classified into genus Aeromonas, Vibrio or ~A1 inomonas.

The main substance formed by the action of the extracellular chitinolytic
enzyme may be N-acetylglucosamine. The conspicuous differences were observed
in pH stability curves and optimum temperatures between the properties of the
chitinolytic enzyme of non-bacterial origin and that of bacterial origin.
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ABSTRACT

Chitin-biodegradatfon investigations have included analyses of bacter-
ial chi ti noclastic activities, studies of chi ti nase enzymes in the white
shrimp  Penaeus setiferus] and associated bacterial biomass, and evalua-
tionn of in si tu and in vitro degradation rates, Significant rates of
chitin decomposition are noted in salt-marsh shrimp-nursery grounds along
the southeastern Louisiana coast. Productivity of such estuarine regions
1s reflected in the noteworthy chi tin biodegradative rates reported. In
situ activities are temperature related, wi th maximal chitin mi nerali za-
tion at water-sediment interfaces.

Maximal laboratory degradation rates of 42 mg/day/10'a bacterial cells
contrast markedly with in si tu rates as great as 440 mg chi tin decomposed/
day, Other factors affecting in situ degradation include available organ-
i cs, colonization or affinity of bacteria to the substrate, and type,
particle si ze and initial concentration of chi tin. Of several types of
chitin examined, v1z., ac1d-treated, acid and alkali-treated, freshly
molted, and untreated. the last was most readily metabo11zed . In view of
the trace amount of protein associated with natural exoskeleton chit1n,
processes of co-metabolism may be involved in its decomposition in the
natural envi ronment. Correlations are noted between chi ti n turnover rates
and ratio of chitinoclasts to total bacteria.

Chitin transformation in crustacean metabolism is discussed along with
use and assimilation of chitinous subs trates in diets developed for eco-
nomically valuable shrimp and prawns in aquacultural systems,

INTRODUCTION

While the abundance of' chitin in marine and estuarine environments is
well established �!, data on direct in situ rates of substrate decomposi-
tionn are noticeably lacking. In contrast, rates of chi ti n degradation
under laboratory conditions in closed systems �,14, 15,16 ! have been re-
ported. Using experimental in vitro rates, Seki �4! calculated that
chitin particles <.003 cm in diameter, typical of planktonic crustacea,
were decomposed in the coastal waters of Japan at a rate of 27 mg chitin/
day. Elsewhere, Liston et al. �1!, usinq a simulated seabed
model, determined degradation rates in Puget Sound sediments of 18.9
mg/day

Lack of information on in situ rates warranted studies designed to
evaluate previously documente~d n vitro chitin-degradat1on reports together
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with analyses of chitin transfomation in a shallow salt-marsh lake in
southeast Louisiana. This site is of considerable interest in view of its
high productfvity and penaeid shrimp activity, processes contributing to
significant exoskeleton deposftion and mineralization, Dur previous and
concurrent investigations �! on analyses of microbiological and chitinase
activities relative to the white shrimp, Penaeus setiferus and its chitin-
oclastic endosymbionts  8,9,10! have demonstrated the relevance of total
chitinolytic processes fn penaeid biology. Clearly, chitin transformation
information on all aspects of crustacean biology and estuarine energy bud-
gets is needed to understand trophic level interrelationships and extrapo-
lation of data to applied systems such as shrimp and prawn aquaculture.

MATERIALS AffD METHODS

All in situ measurements, sediments, and isolated bacteria were from a
small semi-enclosed locality  Airplane I ake !, within the Barataria Bay
salt-marsh estuary. The procedure for the determination of chitin degra-
dation approximates that described by Chan �! and Okutani �2!. Twenty
grams dry weight of purified chitin  Calbiochem!, ball-milled for 72 hours
at 4'C, were dissolved in 300 ml concentrated HC1, The acid-chitin solu-
tion was poured into 3 liters of distilled water and the precipitant re-
peatedly washed by filtration to remove residual acid. The solution was
adjusted to a concentration of 5 percent chitin and sonificated until the
larger aggregates were disrupted, resulting in a homogeneous chitin-based
mixture. The pH was adjusted to maintain a value of 7.6 after steriliza-
tion. One milliliter of the evenly suspended steri'iized chitin was added
to sterile flasks containing 100 ml of a basal broth of 0,5% yeast extract
 Oifco! and sea water, pH 7.6. The flasks were inoculated with one mflli-
liter of a cell suspension of selected chi ti noclastic bacteria of the
genus Beneckea �!, designated 5/1, 5/4, W/4 and 5/3. Isolate 5/3 was
from the white shrimp Penaeus setiferus, whfle S/1 and S/4 were from sedi-
rnents and W/4 from water, all taken from the Barataria Bay regfon.

Each bacterial isolate was grown in yeast extract �.05K!, peptone
�X!, and sea-water broth, pH 7.6, for 24 hours at 22'C, centrffuged,
washed in sterile sea water, and resuspended in 100 ml sterile sea water.
Fol'lowing inoculation, flasks with the chitin media were incubated at 22'C
on a gyratory shaker �0 rpm!. Control vessels with chitin, basal broth,
and toluene were also incubated. At 24-hour intervals, cell biomass was
monitored, using the standard plate-count method and Marine Agar 22'i6, At
selected intervals, flasks were removed, heated to boiling point for 10
minutes, and washed with 2%%d HCl and 1 2% KOH . After washi ng to neutral ity,
the chitin was collected by filtration, dried at 105'C for 12 hours, and
the dry weight determfned gravimetrically. The remaining chitin subtrac-
ted from the initial concentration represented the amount of substrate
decomposed per bacterial cell mass.

Methods used for determi nati on of chitin degradation in vitro have been
descri bed by Seki and Taga �6!. The top 2 cm of submerged sediments from
sites in Airplane Lake were collected aseptically using a Ponar Grab. Sea
water at a depth of 6 fnches was also collected aseptically. Into sterile
flasks containing 100 ml of the collected sea water were added O.l g dry
weight chitin particles  Calbiochem! of an average size of 1 cm x 0.5 cm
with a thickness of approximately 0.2 cm. In other flasks, one gram of
sediment, 99 ml of sterile aged sea water and chitin were added. All ves-
sels were incubated at 22'C for 30 days, after which particles were acid-
and alkaline-washed and dried at 105'C for 1 2 hours, The amount of chi tin
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decomposed was determined gravfmetrically.

For i n situ studies, native chi tin from P, setiferus was removed and
washed Tn tap water. The dorsal portion of the exos ke'Ieton was broken
into particles, 1-2 cmz, with an approximate thfckness of 1-0.5 nnn. The
chitin was dried at 105'C for 12 hours, weighed and placed in acetate bags
with a pore size of 60~ x 10'. The bags were inserted into nylon contain-
ers, mesh size 0.25 cm , attached to a rod, and placed within a protective
metal trap.

The chitin was seeded derring the months of September through April, and
terrsrerature was monitored during this time. The monitoring station is de-
scribed by Adams �!. After appropriate time intervals, the bags were
retrieved and returned to the laboratory in an ice chest within 24 hours
for analysis.

Each bag was submerged in boiling water for 10 seconds and the contents
emptied into a U.S. standard metal sieve  No. 100!. Tap water was sprayed
over the particles to remove accumulated organic matter, and particles
were collected and dried at 105'C for 12 hours and weighed. The amount of
decomposed chitin was expressed as substrate loss per unit time.

The in situ rates wer e determined according to the chitin substrate
type, part~le e size, initial substrate concentrati on, depth of water
column, and temperature. The following types of chitin were used: �!
untreated native white-shrimp cutie Ie composed of approximately 68K chi-
tin, 10% protein and 22K salts as reported by Richards �3!; �! molted
P. setiferus exoskeleton conta i ni ng a relatively higher percent of chitin
than native chitin; �! dflute acid-treated �l HCl! white-shrimp chitin,
also containing a relatively higher perce~t of chitin than native chi tin;
�! acid, alkaline, ethanol-treated eh~tin as described by Campbell and
Williams �!, containing chitin of high purity, and �! a commercial
chi tin  Calbiochern!, also a highly purified form of chitin. Particle
size of the chitin was adjusted by use of various size screens.

The total bacterial biomass was monitored on the chitin substrate
using the standard plate-count method. Chitinoclastic bacteria were
enumerated as described by Hood and Meyers �!.

RESULTS

In vitro chftin-degradation rates for the predominant chiti noclas tie
bacteria from the estuari ne environment vari ed from 25-42 mg/day/10 m
cells at 22'C, with an average rate of 33.8 mg/day/10'rr cells. The latter
value is comparable to that reported by Seki �4! for strains isolated in
Aburatsubo Inlet, Japan �0 mg/day/10' cells at 25'C!, and bg Chan �!
for strains from Puget Sound, Washington �9.2-31,2 mg/day/10 n cells at
22'C!.

The laboratory degradation rates of chitin fn sediments �7 mg/month!
and waters �2 mg/month! from Baratarfa Bay approximate those found in
material from Aburatsubo Inlet �4!, suggesting that little variation in
in vitro chitin-degradation potential exists within these estuary types .
Rates in laboratory closed systems do not, however, truly reflect values
of chi ti n degradation found in the actual envi ronment. Wf th this in mi nd,
attempts were made to determine the magnitude of chitin solubilization or
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decomposition rates in situ.

The in situ studies revealed factors that influenced the rate of chitin
decomposftion; among them are temperature, available orqanics, coloniza-
tion or affinity of bacteria to the substrate, and type, particle size and
initial concentrat1on of chitin. A strong correlation was noted between
decomposition and environmental water temperatures  correlation coeffi-
cfent, f1= 0.95!. Maximal degradation was observed in late summer when
temperatures averaged 30'C, while lowest rates were in mfd-winter when
temperatures averaged 8'C.

The depth of the water column has a decided influence on chitin decompo-
sition, with maximum rates �40 mg chftin decomposed/24 hr! at the water-
sediment interface or slightly above, compared with values obtained at 2
feet above the interface. Based on the overall greater microbial activity
at this interface, these data are not unexpected, but they do demonstrate
the need to document the exact depth of the sample test for accurate com-
parison of data.

The initial concentration of chitin seeded directly affected the rate
of substrate degradation, while particle size inversely affected chitin
decomposition. Furthermore, decompos1tion fncreased as particle s1ze de-
creased. The type of chitin also affected the decomposition rate
 Table 1!. Untreated chitin offered the best substrate for microbial
degradatfon, while pure chftin was degraded more slowly.

The purified substrate supported fewer bacteria than untreated chitin,
indicating the s1gnificance of microbial colonization. In this regard,
the protein content of the untreated chitin may provide an attractant, al-
lowing the substrate to be more rapidly colonized and degraded. In situ
decomposition of untreated chitin was determined over a 23-day period
 Table 2!. Initia'I colonization by total bacteria and chitinoclastic
types was rapid, as demonstrated by the large cell concentrations at 4
days.

After 8 days, bacterial popu'fatfons increased. Particularly note-
worthy were the relative concentrations of chitinoclasts which increased
from 8.9 to 16.6% with concurrent maximum degradation. By the 18th day,
97K of the original substrate was solubi lized, a leveling off of the
degradation rate and relative concentration of ch1tinoclasts. The latter
appears to be a valid indicator of decomposition rates and may prove to be
a useful tool in this regard.

DISCUSSIOff

While our data on chitin degradatfon in pure culture and in vitro do
not differ significantly from those of other workers, in situ anna yses are
noteworthy. Hlaxfmal laboratory rates of 42 mg/day/10'~eel'fs  axenic
culture! contrast markedly with those in s1tu as great as 440 mg ch1tin
decomposed/day. This tenfold difference suggests that earlier reports of
in v1tro tests do not reflect the full ram1ffcations of chitinoclastic
processes in the environment. Certainly, 1n situ determinations support
observations on the rapid mineralization of chitin and provide additional
evidence for the significance of this process in substrate transformatfon
in estuarine ecosystems.

The data from our laboratori e. have indi cated the need to evaluate the
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Table l. In Situ Rates of Chitin Degradation on
Various Chitin Substratesi

Rate of Degradation 2

 mg chitin decomposed/24 hr!Type ot Chitin

Native chitin 148.4 1 51.4 146.3
Acid-Created chitin 91.7 92,5 95.8
i4olted chitin 127.6 131.3 124.5
Pure chitin 22.2 32.4 28.4

1At water-sediment interface in Airplane Lake.
2

[n tri pii cate.

Table 2. In Situ Chitin Degradation Rate and Bacteria'I
Colonization of Native Chitin

Bacterial Po ulation Native Chitin
Deg ra-

Percent dati on
Degraded Rate

 mg/day!

4 2.7 x 10 2.4 x 10a 0. 8995

8 4,3 x 10 6,7 x 10 15.6 3.445

18 3.9 x 10 5,5 x 10 14.1 4.850

23 5,0 x 10 7.0 x 10 14.0 4.942

Total
Time Bacterial Chitinoclastic
 days! Biomass Biomass

 cells/g !  cells/g !

Percent
Chi tino- Amount
clastic Degraded

Bacteria  9 !

18.0 250.0

68.9 437.5

97.0 253.6

98.8 220.0



568

total chitin/chi tinoclastic processes, including mol ting, associated with
P. setiferus, for a more definitive understanding of the physiological
dot~toasts oi pe said e oi gy. Sh imp n t 'tio ~ i st di s suggest that
end products of chitin hydrolysis are important in shrimp growth and
maturation, In pond culture of shrimp and prawns, cast exoskeletons must
be considered in evaluation of food-conversion rates and overall energy-
efficiency calculations. In dietary formulations, levels of shrimp meal
as high as 30 percent are not uncommon, with indications that such meals,
or specific components therein, may be needed to effect optimal rates of
food ingestion and animal growth. Evidence generated to date on chitin
degradation within the P. setiferus digestive tract further suggests that
Oacte i ~ i and cr stacea cri>tioase smchanissn pi y a inpo ta t physio-
logical role in growth and development of the animal.

As noted, total biomass and species diversity of chitinoclastic bac-
teria may serve as usable indicators df chitin turnover and substrate
transformation in the penaeid shrimp. Substrate specificity tests, re-
veaiing asimai enzylre ctivity on chitin from tt ~ i P. setif s,
indicate a ctive rris i a io s m h chitinociasti h cte ia
recycling of this polymer in the natural environment.
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ABSTRACT

Chitinolytic, chitinoclastic and chitosanolytic microorganisms may be of
interest as sources of enzyme for the modification of chitinous materials for
commercial purposes, but they will then certainly be of concern as potential
spoilage organisms, for microbes able to degrade these polymers are
ubiquitous, This contri bution will concentrate on possible solutions
to this problem,

The chiti nase system is wi despread in both bacteria and fungi. Less is
known of the distribution of chitosanase, but severa l fungi and acti nomycetes
and a few bacteria are known to produce this enzyme.

Theoretical considerations certainly cannot lead to reliable predictions
regarding which member of which of these classes is likely to be dominant
in a situation where the biodeterioration of chitinous matevials is
occurring. Still, examination of available data on spoilage organisms
acting in similar or identical situations to those where the use of chiti n
or its derivatives is envisaged suggests that similar microfloras will be
involved. Experience in other fields has shown that simulation experiments
can lead to more accurate predictions that may enable us to find solutions
before the problems emerge in large-scale commercial use. Some of these
possib'le preventive measures are then outlined in general terms.

INTRODUCT ION

Chitin was named about a century and a half ago �3! and chitosan about
eighty years ago  9!, but both these polymers were discovered even a few
years earlier. It is therefore all the more striking that no extensive
conaaerciai use of these materials has yet been made, particularly since very
large quantities of chiti n and chitosan are synthesized annually. An
estimated several times 109 tons of chitin are produced each year by one group
of planktonic arthropod, the copepods, alone �7!. Taking into account the
chitinous material synthesized by other animals and microorganisms, it seems
likely that the tOtal amOunt fOrmed each year Will apprOaCh Very C1OSely the 10
tons of cellulose which it is estimated are generated annually �7! and which
"is a subs tance of prime importance to man as a raw material for the
construction of his artifacts" �8!.

These Proceedings, however, represent an effort to end the neglect of
chitinous materials, now treated solely as a nuisance, and to encourage their
widespread corwnerci al use. It therefor e seems appropriate to exami ne one
possible prob'lem area and see to what extent difficulties may be anticipated
and solved.
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From the microbiological point of view the problems lie in two obvious
areas: the use of microorganisms as sources of enzymes for the controlled
degradation and modi fi cati on of the naturally occurring polymers, and the
biodeterioration or spoilage Of the chitinous product. The first of
these is dealt with by Ohtakara et al. in these proceedings. In this
contribution an attempt, will be made to assess the potential biodeteriora-
tion problem and to outline possible solutions.

M IC ROB I OLOG ICAL BAC KG ROUND

In one sense our problems would be solved if we could simply expect
that deterioration of chitinous materials would not occur; in another, our
problems would only have begun, for there would then be an unfortunate
accumulation in some environments of discarded wastes such as polyethylene
and polyvinylchloride. Indeed, ignoring for a moment the rule of thumb that
biosyn thesized materials are biodegradable, it might until recently have been
expected that chitosan would in fact be resistant to decay since removal of
the acetyl residues from the 2-acetamido group of chitin is known to confer
upon the polymer resistance to chitinase activity. Since 1973, however,
enzymes produced by several microorganisms which specifically degrade
chitosan  see Table 1 and Fenton et al., these Proceedings! have been
reported. In contrast the first reoort of a chitin-decomposing bacteri um
was published in 1905 �4!, and chitinolysis is known to be the property
of some member s of a great many microbial groups  Table 2 ! .

Given the spectra of known chitosanolytic and chitinolytic microorganisms
 Tables 1 and 2! and their occurence in just about every conceivable environ-
ment, it seems certai n that with the establishment of widespread use of
chitinous po/ymers, biodeterioration problems will emerge.

PRCDICTION

From the above survey and from what is known of the enzymology of chitin
and chitosan degradation, Chere is no reason to suppose that bacteria or
fungi, even though the latter often have chitinous elements in their' structure,
will overall be more or less dominant in the breakdown of these materials
than they are in attacks on other polysaccharides, Nevertheless, it is
obviously of interest to know if, i n particular instances where the use of
chitinous material i s envisaged, the primary b i odeteriogen i c organisms can
be predicted.

A first approach to this can be made by examining the microflora of
products in which chitinous materials may be used and comparing this with the
s pectra of known chitosanolytic and chitinolyti c types  Tables 1 and 2!. This
was done in Table 3 for three types of product. A substantial overlap can
be seen between biodeteriogenic microorganisms in these si tuations and
types known to degrade chitin and chitosan. At the generic level, then,
the biodeterioration microflora of products containing chitin is likely to
be similar to that already found in equivalent situations.

It would be unwise to pursue this theoretical analysis by analogy too far,
because biodeterioration is an ecological problem: environmental factors
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in a particular habitat usually specify particular strains rather than species,
let alone genera.

More acc urate predictions may be achieved by simulation experiments,
such as those used in other fields  e.g,, fuel systems of supersonic air-
craft PJ ! Experience suggests that, g i ven adequate supplies of the
particular material liable to biodeterioration and a proper knowledge of
the conditions under which it is to be used, indications of the organism s!
likely to be involved can be obtained that will allow preventative measures
to be devised.

PRE V ENT ION

The biodeterioration microflora of chitinous products is like'ly to be
similar to that attacking comparable ma erials in comparable situations.
Experience with this microflora will form a valuable basis for devising
methods to prevent attack on products containing chitin or its derivatives,
provided that some factor is not overlooked   i!, underestimated, or was
not anticipated. Reference is made to the three types of product considered
in the previous section as well as some others, i'reventive measures fall
into two categories:

t! Renderin the ennirn m t inieicnt tn th ict'cn ~ic

The best way of achieving this is to keep the material dry. This
would be most appropriate for chitinouS paper products, since it is a
method in any case required for optimal transport, handling and storage
conditions, If maintaining dry condition. is not possible, lowering
of the water activity  aw! by the additiorr of solutes may be effective
and other physical factors, notably temperature. can be adjusted to control
deterioration �!.

Manipulation of the environment by addition of biocides is another
approach which falls within this category, and it is one widely used,
although there are often contraindicating economic and environmental
considerations. Sterilization of materials used in wound treatment is
obviously appropriate.

2! Renderi n the material inaccessible to the micr oor anism or to its
~enz es

Exclusion of the microorganism may be achieved by suitable hygienic
measures. This is an approach that would be applicable to at least some
pharmaceutical products �! containing chitinous materials.

ln some cases, the physical or chemical form of the carbohydrate
can be designed in its manufactured form so as to hinder or prevent attack;
such material might be appropriate in fiber- modification applications,
for the formation of chitinous films and for packing material for
chromatography 'columns.
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~Fun iBacteria

Arthrobacter
Ah~cl T s
2 at ac to ha a
~tre to ces

Tri churus
Trichoderma
~2~he

w Data from References 14, 15, 'lg.

Table 2. Microbial Genera Known to Contain
Representatives Producing Chitinase*

FungiBacteria

Absidia
~As er tllus

Cor nebacteri um
~tost idi
C~to ha a
Erwinia
Flavobacterium Mortierella

Mtdcor
~capone
Paeciieepces

Klebsiella
Mi crococcus
N~fC tNM e

PenicilliumN~oc oc c e
Nocardia
Photobacterium

~Poco cs

Thamnidium
Trichoderma

Sarcina
Serratia
S proc to ha a
~Stre to ces
Vibrio

*Data from References 3, 4, 8, 20, and
K. Ai zawa, personal communi cati on.

S. Shimizu and

Table 1. Microbial Genera Known
Producing Chitosanase

Achromobacter
A~cti o c as
Aeromonas
A arbacterium
~taoaohas
Arthrobacter
~Sect lus
Benekea
Chromobacteri um

to Contain Representatives

A~sar illus
Cokerom ces
Glioc adium
Penicillium
~hh'I to Us
~stash bott s

Bovista
Beauvaria
Chgtlonlt s
Co~rinus
Cordactess
Fistulina
Fusarium
GlTo! aaddium
Tr~ex
Lvrco te rdo
Metarrhizium
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Naturally occurring forms of chitin provide examples of the
importance of physical arrangement and/or of the chemical combination
i n the reducti on of deteri or at i on. Purified rhi tin of the relative iy
disordered type made from cuttlefish "bone" was more readily attacked
by a Bacillus-species chitinase system than the more ordered ~-type
from shrimp and lobster  unpublished work; see also l2!.

Similar'iy, strips cut from the pro-ostracum of ~Se ia off'icinalis,
whi ch conta ins about 49' chitin �!, of which 85% is digestible by
chitinase �0!, are extensively colonized  Figures I and 2! and
rapidly degraded �6!, Under the same conditions, however, no visible
attack occurs on comparable pieces of crab chitin, which, although
it contains 75Y chitin, has 53K of this masked from the chitinase
degradation by glycoprotein and other comp'iexes  'iD!.

CONCLUSIONS

Theoretical approaches to biodeterioration problems cannot be firmly
relied on because some factor may be overlooked or underestimated, but
evidence suggests that the microflora associated with chitinous material
is likely to be similar to that involved wi th the deterioration of similar
or analogous polysaccha rides in comparable situations. Simulation experi-
ments should enable a more accurate prediction of the specific types likely
to be encountered in a particular environment. The methods for prevention
of chitinous biodeterioration are likely to be those applicable to other
industrially important polysaccharides.

It is hoped that this contribution will focus attention on this
potential problem and encourage the seeking of solutions before the
difficulties emerge.
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Surface view of an extensively colonized chitin

incubated at 20'C under anaerobic conditions in a
mineral salts medium inoculated with chitin-enriched
esturine mud.  Timmis and 6erkeley, unpublished.!

Figure 1.

Figure 2. Preparation of the same material as in Figure 1
showing morphology of colonizing bacteria.
 Tirvnis and 6erkeley, unpublished,!
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CHITIN DECOMPOSITION BY
MICROORGANISMS IN SOIL
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ABSTRACT

Microorganisrre isolated from soil and causing the dissolution of fine
p rticl of ~Sia chiti are gecill s spp � sttai ~ sg, ~stre to ces spp
� strains!, Arthrobacter sp, Trichodemsa sp, penicillium sp and
~As et ill s sp. Ohs ~ rratiuns onf tte r t of CO elease f the hiti
aaended soil indicate that most of the purifie  chitin added to the soil
disappeared in about 3 weeks.

INTRODUCTION

Chitin is an aminopoiysaccharide made up of N-acetyl-D-glucosamine
moi ties . It is chemically similar to cellulose, differing from it only
in the presence of nitrogen in chitin. Among the Protista, chitin has
been found in algae, protozoa and fungi, In animals, it has been
demonstrated in anneli ds, arthropods, molluscs, coelenterates and
nematodes, often forming a subsiant'ial proportion of these organisms,
usually in the ~ teletal str ctu es. rh wall f th ~ f gus A~os cr la
contains 18K chitin, less than 10% cellulose and about 6.OX protein;
insect cuticle contains about 3DK chitin �,5!. Because many
organisms among the Protista occur in soil, the microbial decomposition
of their exoskeletons is of interest. So far as this author knows, pure
chitin is found in nature only in the L~oli o squid �3!, but purified
chitin may be obtained from three other sources in a variety of ways  8!.

Chitin has numerous uses, including the control of certain plant diseases
�, 12!, the acceleration of wound-healing, thin-layer chromatography,
and as an adhesive, It will therefore increasing'1y find its way in
quantity into the soil. It is for this reason that it becomes of
interest to study its microbial breakdown in soil.

ENPERIMENTAL

Isolation of chitin

Chitin was isolated from the "shellsu of ~Se ia officinalis by treatment
with acid to remove the CaC03. The resulting chitin-protein complex was
deproteini zed wi th NaOH, and any chi tosan resulting during th i s treatment
was rehzjved with dilute arid. The chitin was shown to be pure by hydrolysis
chromatography and infra-red analyses. X-ray diffraction analysis showed
it to be of the a-type  8!.
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Isolation of chitinol tic microorganisms from soil

Two methods for isolation were used. In the first method, strips of
chitin  roughly 1 x 5 cm! were buried in a sandy soil obtained at Nsukka
and moistened to 60% of its 333oisture-holding capacity. From time to
time, the chitin strips were recovered from the soil when this was
possible. The soil particles were picked off, and the strips were sliced
into smaller pieces, which were then placed on chitin agar  composition:
KH P04 ~ MIISO4 7H20 5 g, MaCl 0.5 g, finely ground chitin 10 g, pH 7!.
T4 organ»fgts that developed from them and caused a dissolution of the
chitin particles in the chitin agar were purified and studied further.
This method mainly yielded fungi.

1'he second method consisted of making plates from mixtures of soil
suspensions and molten chitin agar usi ng the compos i ti on gi ven above .

Chitinol tie acti on of the isolates

The isolates obtained from the chitin strips or from the chitin-soi 1
plates were purified by repeated streaking on glucose-yeast extract agar
�!. Thereafter, they were streaked onto chitin agar and incubated at
30' C for up to 10 days. Organisms that showed a clear zone around them
were regarded as chitinolytic   10!.

uantifi cation of chiti

The extent of the breakdown of chitin was followed over a 100-day
period by monitoring the release of C02 from soil containing chitin
as compared with the control, accordin g to the procedure  see Fig. 1!
described in reference 9.

RESULT

The bacteria which were shown to "clear" chitin agar after 5-10
days ' nation at SO' C em B ~ ei11os spp ft st ins3. ~stre to oes
spp [4 st atony, Arth ohaoter ~sp one strai 3 and, among the fan ~ i.
Trichoderm sp, Penicillium sp and ~As er illus sp.

The percentage of chitin added to the soil and lost as carbon in
C02 was greatest between the 5th and 20th day  see Fig. 1!.

0[SCUSS ION

The microbiology of chitin decomposition in soil has been studied by
a number of workers �, 3, 11, 14!. These studies indicate that chitin
is decomposed in soil by a wide range of microorganisms, and the present
study confirms this. The ease with which chitin decomposed in soil was
shown by the observation that most of the carbon added to soil in the
form of chitin had been released in the form of C02 in the first three
weeks or so. The calculations did not take into account the C02 released
by priming �!, i,e., by the extra decomposition of organic matter
indigenous to the soil resulting from the addition of chitin to soil.
The relatively easy decomposability of chitin is important, as chitin
has often been confused with chitin-containing structures such as
insect cuticles.
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ABSTRACT

The present study investigates the range and general characteristics
of the standing crop of chitin- and N-acetylgl ucosami ne-decomposing bacteria
and the mineralization value of amino sugar in the sea.

The data obtained show that at most 10% of the heterotrophic bacteria
were chitin decomposers in the bottom mud, while N-acetylglucosamine decomposers
reached a high of 100K, i . e., the population of chitin decomposers was scarce
as compared to that of starch decomposers,

In sea water, IX of the total heterotrophic bacteria were chitin
decomposers, while, in contrast, up to 100% of the total heterotrophic
bacteria were N-acetylglucosamine decomposers. The populations of glucosamine-
and N-acetylglucosamine-decomposing bacteria were the same as that of the glucose
decomposers both in sea water and bottom mud.

Mineralization and uptake activities of glucosaml~e by micro-
organisms in sea water were calculated as V = 0,140 x 10 mg/1/hr and
V 0.109 x 10-4 mg/1/hr respectively. These V values were considerably
'lower than those of glucose.

INTRODUCTION

Large quantities of chitin are produced in the aquatic environment
of the world each year. From data given by Johnson �! on the abundance of
copepods and their chitin content, it is estimated that this subclass of
planktonic Crustacea, some of which form as many as 10-12 chitinous casts
through thei r development stages, produces several billion tons of chi tin
annually,

Zobell and Ri ttenberg �0! reported that most chi tin is probably
utilized Uy biological agents, since little of it accumulates in marine
sediments; its decomposition is probably largely due to microbial action.
Bacteria are probably responsible since many kinds of chitin-decomposing
bacteria have been isolated from marine environments.

The present study has been directed to an investigation of the
range and general characteristics of the standing crop of chitin- and
amino-sugar-decomposing bacteria, and the mineralization value in the
sea,
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Water samples were collected aseptically by using a sterile bacteriological
ORIT-type water sampler  9!. At the shallow re<lions, mud samples were collected
by using a KK-type mud sampler �!, and in the open sea by using a gravity corer,

The counts af viable heterotropI i c bacteria were carried out by using
the most- probable-number method, membrane-filter -count method or the agar-plate-
caunt method . PPES- I I  9! or Zabei I 221 6E media were used .

The locations of the sampling stations are shown in Fig. 1. Station 1
has received a considerable amount of attention in recent years for its extreme
pollution which has resulted from large amounts of organic material regularly
discharged into the sea from industrial and agricultural sources along with
human waste �, 5!. Stations 2, 3, 4 were coastal environments and fish-
culturing areas . Station 5 and 6 were in the open sea .

EXPERIMENTAL RESULTS AND DISCUSSION

As shown in Table 1, 10 - 10 cells of total heterotrophic bacteria4 6

per gram of wet base and 102-1D3 cells of chitin-decomposing bacteria were
detected in the surface layer of the bottom mud at Station 1. These data mean
that at mast IX of the heterotrophic bacteria were chitin-decompOsing
bacteria; in contrast, N-acetyl glucosamine decomposers were present in up
to IDOL of the total heterotrophic bacteria . Table I also shows that
populations of chi ti n-decomposing bacteria were scarce as compared with
starch decomposers.

As shown in Table 2, the high densities of glucosamine- and N-
acetylglucosamine-decomposing bacteria were observed in marine environments,
The populations of glucosaaiine and N-acetylglucosamine decomposers wer e on
the same order as those of glucose decomposers.

At Station 4, ID cells of chitin decomposer per milliliter of sea2

water and 103 cells per gram of bottom mud were observed. This shows that I%%d
of the heterotrophic bacteria were chit'in decompasers, both in sea water
and in battOIII mud.

At Station 2, 10 -10 cells of the N-ace ylglucosamine-decomposing
bacteria per milliliter of sea water and 106-10o cells of it per gram of
bottom mud were observed, These data show tha t the N-acetylglucosamine-
decompos i ng bacteria were distributed abundantly bath in sea water and bottom
Irlud .

At Station 3, 10 -10 cells of chitin-decomposing bacteria and 106
cells of heterotrophic bacteria per gram of mud were detected in the bottom
mud.

The vertical distribution of the heterotrophic and N-acetylgiucosamine
decomposing bacteria shows that 0- 103 cells of the N-acetylglucosamine-
de!omposing bacteria per' 100 milliliter were distributed in sea water and 103-
10 cells per gram were found in bottom mud at Stations S and 6.
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Several experiments on the chitin-decomposing acti vi ties of the marine
bacteri a were made by Seki �, 7 !. He showed that the decomposi tion of
chitin in the mud for 30 days at 20' C was 40-80 mg in a polluted illlet.
Seki and Taga  8! showed that marine sedimen ts of this inlet had 10" cells
of the heterotrophic bacteria per gram of mud and 106 cells of chitin-
decomposing bacteria.

The mineralization and uptaxe activities of glucosamine were
estimated by using 14C-glucosamine as the substrate �!, These activities
were determined kinetically by the Michaelis-Menten formation according to
Brezonik �!.

Mineralization and upta ke acti vi ties of glucosami ne by mi croorganisms
in sea water were calculated as V = 0.140 x 10 4 mg/1/hr and V = 0,109 x 10 4
mg/1/ hr respectively. These V values were considerably lower than those of
glucose.

Chitin is sooner or later decomposed and mineralized through the
metabolism of various organisms in the sea. Microorganisms are known to play
an especially important role. The decomposition processes of chitin in
which microorgani sms participate are divided from the chemical point of
view inta  a! hydrolytic brea kdown of chi tin into N-acetyl-g lucosami ne or
glucosamine and  b! non-hydrolytic breakdown of the N-acetylglucosamine or
glucosamine  mineralization!.

Decomposition processes release mineralized nutrients for primary
production. The activities of chitin- and amiro-sugar decomposing
bacteria have, therefore, both a direct and an indirect. influence on the
productivity of organisms of various trophic levels in the sea,

CONCLUSIONS

A considerable amount of chitin-decomposing bacteria was observed
in the sea in the present investigation, as it has been by earlier
investigators.

A chitinase in marine bacteria may be a hydrolytic system �0!, and
this system acts on chitin-yielding materials, principally N-acetylglucosamine
or glucosamine. In the present investigation, the populations of N-acetyl-
glucosami ne- and glucosamine-decomposing bacteria were dis tri buted widely and
abundantly bath in sea water and bottom mud. However, the mineralization
and uptake activities of glucasamine by microorganisms in sea water were
low compared with those of glucose. The author plans to study the
decomposition of glucosamine more precisely by using radioi sotapi c techn i ques,
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ABSTRACT

In the screening of microorganisms with potent chitinase activity, an
unidentified Gram-negative bacteri um was isolated from seashore mud, This strain
produced an inducible chitinase system. The amount of chitinase produced was
remarkably affected by the levels of glucose and yeast extract in the medi um.

In the cultura] filtrate of this strain, a chitinase system consisting of
chitinase and chitobiase was found. These enzymes were separated from each
other using column chromatography on DEAE-Sephadex A-25. It was found that
the chitinase fraction probably decomposed chitin to ch i ti n-oligosacchari des,
and fina11v to N,N-diacetylChitobiose. This was further hydrolyzed to
N-acetylglucosamine by chitobiase which also deromposed N,N,N-triacetyl-
chitotriose and rh!,N,N,N-tetraacetylc hitotetraose.

Comparison of this chitinase system with those from other microbial sources
was made from the standpoint of enzyme production, purification, assay procedure
and the mode of action.

INTRODUCTION

In searching for possible uses to which chitin can be put, one area on which
attention has been focused has been utilization of the degradation products
of this materiel. For this purpose, active and stable chitinase preparations
that are corrmercially viable are required,

It is well known that chitinase is widely distributed among various kinds
of microorganisms �!. However, purified chitinase preparations have been
obtained to date mainly from the microorganisms belonging to the genus
~stre tom tes 
. 6, 26. 29!: ~ ly a f w ha h ep ted f om th p rification
of bacterial chitinases  9, 10, 27!, One of the present authors has
p ified the hiti a syste of ~As ~ i1: ~ s ~ni e  �, 16! a d ~st e tom oes
~riseus �9!. During further research in our laboratory aimed at obtaining
an even more active chitinase preparation, we have isolated two strains of
unidenti fied bacteria from seashore muds.

Using one of these strains, the conditions for chitinase production,
the separation of chitinase from chitobiase and the mode of act:ion of the
two enzymes separated in the degradation of chitin have been investigated.
As part of this study, the biochemical aspect of microbial chitinases will
briefly be described.
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EXPERIMENTAL

Isolation of bacteria

Seashore muds used as the microbial sources were collected along the coast
of the Ariake Sea in the Kyushu oistrict of Japan. Two loops of mud suspen-
sion were inoculated in a test tube containing 10 ml of a medium composed of
1,0% meat extract, 1,0'X peptone, 0.57, glucose and 0.5K NaC1, which was
adjusted to pH 7.0. After 18 hours of culture at 35" C, 0,1 ml of the culture
brOth was inoculated on a screening plate wi th 0.5X colloidal chitin,
0.1% K HPO , 0,1K MgSO<.7H+, 0.03% CaCI and 1.5'X agar. Bacteria-
decomp sinhb chiti ns were r cognized by  he clear zones around their
colonies on chitin agar plates and were isolated on yeast-extract peptone
�.5X yeast extract, 1.04 peptone and 0,5% Naul! slants.

Colt m for th tutti ~ of chit t*flroo ccttiiooo

The conditions for chitinase production were tested in media containing
varying amounts of colloidal chitin, glucose, yeast extract, peptone and
NaC1, as shmvn in Fig. 2. Conical flasks �00 ml! containing 80 ml of the
culture medium were inoculated with 1 ml of a 24-hour culture grown in a
test tube containing 10 ml of the yeast-extract peptone medi um and were
incubated at 30' C.

Substrates

Chitin was isolated from crust shell of crab by the usual method  Finely
powdered chitin was kindly supplied by Dr. M. Takeda, Shimonoseki Uriiversity
of Fisheries.!. Colloidal chiti n was prepared by dispersing chitin in
concentrated sulfuric acid below 10 C and precipitating it by pouring it
into distilled water, accordi ng to the procedure of Jeun iaux   5! . Glycol
chitin was prepared by the method of Senju and Okimasu �5!  carboxymethyl
chitin was kindly supplied by Dr. S. Okimasu, hiroshima Women's University!.
Colloidal ch i tosan was prepared from chitosan provided by Seikagaku Kogyo
Co. Ltd.!, using the method of Price and Stork �3!  glycol chitosan was
the product Of Wakd Junyaku K5'gyo Co. Ltd,!.

Chitin-oligosacchari des, N,N-diacetylchitob iose   chitobiose!, N,N,N-
tri acetylchitotriose  chitotriose!, and N,N,N,N-tetraacetyl chitotetraose
 chitotetraose! were prepared by hydrolysis of chitin with controlled
concentrated hydrochloric aci d and separati on of the products on a
Sephadex G-25 column, using the procedure of Berkeley et al. �!.

Chitinase ac~ti vit

Chitinase activity was determined by measuring the amount Of N-acetyl-
glucosamine produced in a reaction mixture containing I ml of 0.3X colloidal
chitin, 2 ml of 0.05 M phosphate buffer  pH 7.6! and 1 ml of enzyme solution
which was incubated at 37' C for 30 m'inutes. One unit of chitinase activity
is defined as the amount of enzyme which produces one u umle of N-acetyl-
glucosamine in one minute.
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In the research on the effects of cultural conditions on chitinase
production, acti vity was expressed as the amount  vg/ml! of N-acetyl-
glucosamlne produced in the same reaction mixture.

Chitinase activity was also determined by measuring the amount  ug/ml!
of reducing sugar, usi ng the method of Srhales �! with N-acetylglucosamine
being used as a reference compound, as shown in the chromatographic separation
of Figs. 3 and 4.

Chitobiase activit

Chitobiase activity was determined by measuring the hydrolysis of N,N-
diacetyl chi tobiose in reaction mixtures containing 0, 3 ml of 3 mN
chitobiose in 0.05 M phosphate buffer  pH 7.6! and 0.3 ml of enzyme
solution at 37' C for 20 minutes. One unit of chitobiase is defined
as the amount of enzyme which hydrolyzes one v abele of chitobiose in one
minute.

N-Acetylglucosamlne was determined by the method of Reissig et al. �4!.

Column chromato ra h

A dialyzed enzyme solution corresponding to 147 mg of 0.7 saturation
ammonium sulfate precipitate was applied to a OEAE-Sephadex A-25 column
�4 x 450 nm! equilibrated with 0.02 M phosphate buffer of pH 7.2. Elution
was carried out with 0.02 M phosphate buff'er of pil 7.2 and with a linear
gradient of NaC1 in the same buffer. Flow rate was 60 ml per hour, and
'IO ml fractions were collected,

Protein was determined by the method of Lowry et al.  8!, bovine albumin
being used as a standard.

RESULTS

Isolation of chitin-decom sin bacteria

Of the 11 strains iso'lated from 19 mud samples, 2 formed strong clear
zones on the chitin plates. The time course of the decomposition of colloidal
chitin by the 2 strains isolated is shcwn in Fig. 1. Strain 12 rapidly
decreased the turbidity of the colloidal chitin solution in the early stage
of incubation, as compared with strain 5, These results ind1cate that strain
12 is capable of rapidly decomposing chitin to N-acetylglucosamine. This
strain is used in all the following experiments; it probably belongs to the
genus Aeromonas, and will be described elsewhere.

Chitinase roduction and culture conditions

The effect of the avaunt of colloidal chitin on chitinase production is
shown in Fig, 2. Chitinase activity increased as the amount of colloidal
chitin in the medium increased to 0,2%, but it decreased at a concentration
of 0.3%, A maximum of enzyme production was attained after 2 days of
cultivation.
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Using a medium containing 0,2X colloidal chitin, the effect of varying
the amounts of other nutrients was examined. The glucose concentration
for maximum chitinase production was found to be 0.2X; the addition of
glucose higher than 0.3% completely prevented enzyme production. The pep-
tone concentration giving nmximum chitinase production was 0.5X, Levels
of yeast extract in excess of 0.2% were required to produce any chitinase,
Maximum enzyme production was found at concentrations of' 0.5%. Although
0.5X NaC1 was also added to the medium, the amount of NaCl had no effect
on chitinase production.

Table l. Effect gf Chitin and Chitin Derivatives
on Chit]n ase Production

Chitinase Acti vit u ml!Compound �,2$!
48 hours g6 hours

The composition of media was the same as in Fig, 2.

The size of the chitin particles is listed in order of increasing
fineness from 1 to 3.

Of a variety of compounds tested, colloidal chitin was found to be the most
useful inducer of chitinase producti on  Table 1!. The addition of chitin powder
resulted in low enzyme production only, although the activity increased as the
size of the particles decreased. Uery little or no enzyme was produced on
compounds such as water-soluble chitin derivatives and deaceylated chitin.

Purification of the chitinase s stem

As a result of the experiments described above, cultures for the production
of enzyme for purification were set up in twenty 300 ml conical flasks contain-
ing 50 ml of medium with the composition: 0.2X colloidal chitin, 0.2% glucose,
0.5S peptone and 0.5% yeast extract, The flasks were incubated for 48 hours
at 30' C.

The culture broth was brought to 0.7 saturation by adding solid anlmnium
sulfate; the precipitate produced dissolved in 80 ml of 0.02 M phosphate
buffer  pH 7.2! and dialyzed against the same buffer for 48 hours. The
dialysis residue contained 81% and 734, respectively, of chitinase and chito-
biase activities of the origina'1 culture broth, Arrmonium sul fate precipita-
tion followed by dialysis achieved about a seven-fold increase in specific
activity.

Chitin
Chitin   Fi ne powder 1! *
Chitin   " " 2!*
Chitin   " " 3!*
Colloidal chitin
Glycol chitin
Carboxymethyl chitin
Colloidal chitosan
Glycol chitosan

0.0
I.8
2.2
7.5

49.2
0.0
1.8
1,7
0.0

3.5
6.4

10.6
16. 5
61. 3
0.4
0,2
1,2
0.0
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The separation of the two enzymes was attempted, using coluwm chromato-
graphy on DEAE-Sephadex A-25. As illustrated in Fig. 3, three peaks of
chitobiase activity appeared in the effluents eluted with both 0.02 M of
phosphate buffer and the same buffer containing less than 0.1 M NaCl.
Chitinase activity was eluted with around 0.1-0.2 M NaCl, but only about
BI of the original activity was recovered after chromatographic separation.
When the activity was assayed by determination of reducing sugar, however,
chitinase was found over a wide range of fractions eluted at NaCl
concentration higher than 0.1 M. The activities of the two chitobiase
fractions, CB and CB, and chitinase fraction C, indicated in Fig.
3, are sunmmr!zed in fable 2. In CB, chitobiase activity completely
free from chitinase occurs, but in tie high specific activity chitobiase
fraction, CB2, a small amount of chitinase was detected.

Table 2. Activities of the Fraction Separated by
DEAE-Sephadex A-25 Column Chromatography

Chitinase
Fraction volume Protein T A l S A 2 yYield

m> m

Chitobiase

T,A.1 S.A,2 Yield
mU mU m P

147 31,800 216 100 19,900 1 35 'I00
12 0 0 0 6,760 563 34

1 140 140 0 .4 4,930 4,930 25
40 2 670 67 8 990 25 5

Ori g ina 1 80

CB2 100
C 380

T.A.: total activity

2 S. A.: s peci fi c act i vi ty
The chitinase fraction C, concentrated with DIAFLO membrane UM 10, was

rechromatographed on DEAE-Sephadex A- 25 column, using the same procedure as
before  Fig, 4!, Although the chitobiase activity was not compietely
separated, the further lowering of the overall chitinase activity was observed
as the chitobiase levels were reduced. The overall chitinase activity could
be enhanced by the addition of separated CB1 material, and the levels of the
enhanced overall chitinase activity attained those of the activity determined
by measuring reducing sugar. The fraction  No. 9213 indicated in Fig. 4!
freed from chitobiase activity was used as purified chitinase material in
the next experiment.

Enz matic ro erties of the chitinase s stem

The mode of action of chitinase and ch tobiase upon ch~ti~ and chitin-
oligosaccharides was investigated. As shown in Table 3, N-acetylgiucosamine
was not produced from colloical chitin by the action of either chitinase or

The optimum pH for chitinase was found to be between 7 and B; that for
chitob i ase, 7. 6. Ch iti nase was more stable than chitobi ase when the stability
was tested by heating at. various temperatures �0-70' C! for 15 minutes.
In spite of the complete inactivation of chitobiase with heating at 50' C,
about 75K of chiti nase acti vi ty survived under the same condi t ion . However,
chitinase was also completely destroyed at temperatures above 70' C,
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chitobiase alone, but together the two enzymes produced substantial amounts
of this sugar. Chitinase decomposed chitotriose and chitofetraose to N-
acetylglucosamine slowly, and chitobiase did so somewhat faster. When
chitinase and chitobiase acted singly, the formation of ibi-acetylgluCOSamine
was more rapid in the hydrolysis of chitotriose than in that of chitotetraose,
but this was reversed when they acted together. In the hydrolysis of chito-
tetraose, the amount of N-acetylglucosamine i'ormed by joint action was found
to be about three times that calculated from the results of single-enzyme
digestion, although the observed values were nearly equal to the calculated
ones for the hydrolysi s of chitobiose and chitotriose.

Table 3. i3ecomposition of Various Substrates by Chitinase,
cflitobiase and ~chits ~ ase i s Ch tobiase

N-Acct 1 lucosamine formed u
Chitinase Ch>tobiase Chitinase + Chitobiase

Observed Ca 1 cul atedSubstrate

Ch itob iose 0
Chitotriose 38
Chitotetraose 11
Colloida'1 chitin 0

143
74

138
92

131
72
45
0

262
105
79
0

For the decomposition of chitin oligosacchari des, the reaction mixture contain-
ing 0.5 ml �00 ug! of substrates in 0.05 M phosphate buffer  pH 7.6! and 0.5
ml of enzyme solution was incubated at 37' C for 30 minutes. For the
decompos iti on of chitin, the reaction mixture containing 0 . 5 ml   1, 500 ug! of
colloidal chitin, 1 ml of 0.05 M phosphate buffer  pH 7.6! and 0.5 ml
of enzynm solution was i ncubated at 37' C for 30 minutes. In the single-
enzyme digests, CB , which contained 20 mU of chitobiase activity, was used
as chitobi ase,and !raction 11 3, which was freed from the ch i tobiase activity
 See Fig, 4!, was used as chitinase. In the two-enzyme digests, one-half
the anount of each of the enzymes was used.

0! SC U5 5 I OIIi

Iiistribution in microor anisms and chiti ~ ase prod ctirm

Chitinase is distributed among a wide range of microorganisms, as shown in
Table 4 �!. Chitin-decomposing bacteria have been isolated from soil and marine
mud and from the digestive tracts of animals, and most of the bacteria isolated
have produced chitinase as an inducible enzyme, In fungi, chitinase of
A~sar iii ~i ~ r has been produced constituti eiy i ~ a medi n contai i ~ p
glucose and peptone as a carbon and nitrogen source �1!, or on a wheat-
bran culture �3!. Microbial chitinases have been partially purified or
found in a homogeneous state  indicated in Table 4 as " and ~ respective-
ly! from several kinds of microorganisms.
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Table 4. Distribut1on of Chitinase in Hicroorganisms

Classification Genus

Schizomycetes
Pseudomonadales Pseudonmnas, Vibrio, Aeromonas,

Phoutu sauter 1 u
Kmmna actenue, Achrouchact

~gerrntva. rvinva, Mscrococcus,
6 eh t ', A thhracter,  part1a11y pur'if1ed!

ridium
X~gcXtnu c ~ s,~~te to es  h -g eous p epa ti !
~Ct~o!hara  p!rtial ly puri fied!
~th t io ces, ~nh co ces

~As e illus.  houoge sons preps etio s!
L co~erdon, Ir rex, Trametes,
~o ~ us. Beauveria

T ri choderma

6 ubacteri al es

Act i nor!lycetal es

   y xomycetes

Phycomycetes

Ascomycetes

6asidiomycetes

Fungi imperfecti

Purification and ro ert1es

Purified and partially purified chitinase preparations are surrr!!arized 1n
Table 5. Homogeneous chitinases have been obtained from the microorganisms
belonging to the genus Streptorqyces �, 26, 29! and As er illus ~icir �3!,
In these studies, selective adsorpt1on on colloidal ch t!n 6 and column
chromatography on DEAE-cellulose �9, 26!, hydroxyapatite �3, 26! and
SP-Sephadex �9! were found to be effective for the purificat1on of
chitinase. Skujigh et al. �6! have succeeded in crystall izirg chitinase from
a stra1n of ~stre to ces sp. Ma ever, the p esence of severs! entree
components has been demonstrated during the purification of chitinases of
~St ta ces sp. �, 6, 19, 29!.

Partial purification of bacterial chitinase has previously been performed
by fractionation of culture broths with amnonium sul fate followed by
chromatography on the DEAE-cellulose �0, 27! and DEAE-Sephadex  9! col ur m.

The strain isolated  no. 12! produced an active chitinase system which was
induced effectively only by colloidal chiti n and chitin. The addition of up
to 0.2% glucose increases rhiti nase production, probably stimulat1ng the growth
of the organism, but glucose 1n excess of this brings about a rap1d decrease
of pH at the initial stage of culture and results in complete prevention of
enzyme production. Lowering of pH in the medi um was also found with yeast-
extract concentrations of less than 0.2%. The amounts of yeast extract and
peptone requi red for max1mum chitinase production by this strain were
substantial, s uggesti ng the possible util ization of yeast extract by this
strain as a nutrient rather than as a growth factor. Further work 1s now in
progress to optimize medi um composition and to find the best inducer.



Inactivation Ex-
tent and TemperatureSource Substrate Optimum pH

~Stre toe ces Arise s �! 6,3 C 1 66K 9 CZ 3X
�5'C, 10 min.!

~stre to ces anti-
bioticus* �7

5.2

~Stre to races sp." �6! Colloidal
chitin

4.2-4.8 45K
�5 C, 10 min.!

~tt e to ces Sr secs �9! Colloidal
chitin

Glycol
chitin

3.4-3. 8 13$

Colloidal
chitin

Stre to ces orientalis" 5.5-6.5~z~g
~As e illus ~ H �3! Glvcol

cl!itin
3.6

Serrat i a mar cescens  9! Chitin
Colloidal

chitin

above 50%
�0'C, 60 min.!

6.4

C~to~hn j hnsonl 1 �1! 6, 3-6. 5

Arthrobacter sp. �0! 4.9

Unidentified bacterium
 this study!

7.0-8.0

Monreal and Reese  9! have reported that the application of a DEAE-Sephadex column
for the purification of the chitinase of Serratia marcescens results in very
poor recovery of the enzyme. In the present investigation, we have also used
a OEAE-Sephadex column for the purification of the enzyme system and have
separated chitinase from chitobiase on it. The use of DEAE-cellulose column
for purification was unsuccessful, hen  ever, because chitinase was bound to
the colurrn and was not eluted "ven with high concentrations of NaCI.

The optimum pH of purified chitinases has been found in a wide acidic region
between pH 3.4 and 6.5  Table 5!. As chitinase and chitobiase of this strain
have their optimum pH at around 7-8 and the final pH of the medium i!sed in these

Table 5, Purified and Partially Purified Chitinase
Preparations Obtained from Microorganisms

Colloidal
chitin

Colloidal
chitin

Colloidal
chitin

Colloidal
chitin

Colloidal
chitin

*These enzymes were obtained as homogeneous preparations

43K
�0'C, 10 min !

I. 52K, II. 60%
�5'C, 15 min !

21$
�0'C, 10 min.!

BBS'
�0'C, 60 min.!

100%
�0'C, 15 min,!
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studies lies within this range, the enzyme system may be used without separation
for the decomposition of chitin to N-acetyl glucosamine at neutral pH. It
seems, however, that this chitinase is ccnsi*rably heat-labile as compared
with chitinases from other microbial sources  Table 5!. For this reason,
difficulties remain in using this enzvme system for conmmrcial purposes.
We are now seeking a method in our laboratory for obtaining homogeneous
chitinase and chitobiase preparation from this bacterium.

Suest te d ~sa cedu es

Table 6. Substrate and Assay Procedure
of Chitinase Acti vity

Substrate Assay Procedure

Chitin Weight. of undegraded chiti n
Amount of reducing sugar
Amount of N-acetylglucosamine

Turbidity*
Amount of reducing sugar~
Amount of N-acetylglucosamine*
Neasurement of a diameter of clear zone on the plate

Colloidal chitin

Glycol chitin Ylscosity
Amount of reducing sugar
Amount of N-acetylglucosaminew

6-0-Hydroxypropyl- Yiscosity
chi tin

Chitosan acetate Yi scosity

These assay procedures were used for the determination of chitinase
activity during purification.

Chitin and its derivatives are comonly used for the assay of chitinase
activity, as shown in Table 6. Since chitin is insoluble in water and does not
disperse uniformly in the reaction mixture, chitinase activity has been deter-
mined by the turbidimetric method �, 6! and the viscometric method �2, 28,
30!, using colloidal chitin and water-soluble chitin derivatives, respectively,
as the substrate. In this investigation, the determination of chitinase
activity was perfoiiiied by measurement of N-acetyl glucosamine released from
colloidal chitin, This procedure has also been adopted in the purification of
cettt f ~st e tu ces se. �dl, St caste~ s i~l t29! a d
~+AF~ sp. �0!. kowever, the determination of chitinase activity by
this procedure resulted in the decrease cf recovery and specific activity on
the chitinase fraction obtained from chromatographic separation, as shown in
Fig. 3 and Table 3. From this result, the procedure of measuring initial
change of the substrates, such as the tunbidimetric and the viscometric methods is
more suited to the determination of this cnitinase activity,
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Ohtakara �2! has reported a viscometric method for the determination of
chitinase activity, using glycol chitin as the substrate, that has the
advantage of the solution's viscosity not being affected by the addition of
salts or changes of pH, as is the case with chitosan acetate �0!. It has been
pointed out by Nord and wadstrom  ll! that the viscometric assay using glycol
chitin is more sensitive than the turbidimetric method and gives quite reprodu-
cible results with two different batches of substrate. However, no parallel
relationship has been found, in the strains of' Actinomycetes tested, between
the chitinase activity measured by turbidimetric assay and that measured by
viscometric assay. Severa1 strains have shown strong turbidimetric activity,
regardless of their low activity in visco!imtr!c measurement �8!. It
appears necessary, therefore, to assay chitinase with colloidal chitin, even
though glycol chitin may be a !m!re convenient substrate.

Node of action of the chitinase system

It has been reported by many workers �, 7, 17, 19! that chitinase randomly
cleaves chitin and that the main product in the degradation of chitin is
chitobiose. N-acetyl glucosamine has also been formed as a direct product of
the action of chitinase upon chitin and colloidal chitin, but the quantity was
very small as compared with the amount of chitobiose �!. Acting upon chitin
Ol igosaccharides, chitinase has produced chitobioSe and N-acetyl gluCosamine
from chitotriose �, 19! and chitobiose only �9!, or chitobiose with the
accompanying formation of chitotriose and N-acetylglucosamine �!, from
chitotetraose. Chitinase did not attack either chitobiose or methyl and
phenyl N-acetyl glucosaminide �, 15, 19!.

In this study, purified chitinase hydrolyzed chitotriose and chitotetraose,
but it did not split chitobiose and did not produce N-acetylglucosamine from
colloidal chitin, This result probably indicates that chitobiose is the end
product in the decomposition of chitin with chitinase alone and that chitobiase
is essential for the formation of N-acetylglucosamine. It is clear from a
comparison between the observed values and the calculated ones for the hydrolysis
of chitin oligosaccharides that chitobiose is a possible product in the
decomposition of chitotetraose by purified chitinase  Table 3!.

Chitobiase hydrolyzed not only chitobiose but also chitotriose and chito-
tetraose at a deCreasing rate, as the molecular weight of chitin oligosaccharides
inc a sed. This enzyme differ. from the chitohiase of ~Stre to ces grise s
�! in that it can digest chitotetraose. It was found that the chitobiase
obtained was free from chitinase.

During purification of the ch i tinase system from other microbial sources,
several chitobiases have been separated from chitinases �, 16, 19!,
Comparison of the hydrolysis rate of chitobiose and alkyl- or aryl-N-
acetyl gl ucosami nide with these chi tob iase preparati ons is shown in Table 7 .
There are a nurber of i nstances where chitobiase activity is dominant, and the
chitohiases of ~ns e illus ~ie  T6!, ~A Tl p. !Ze! a d ~tc d
gyr'foram hydroly e chitohios ~ at a very rapid rate, as co pa ed ith the
hydrolysis of alkyl- or aryl-N-acetyl glucosaminide. In view of this evidence,
we have used the name mchitobiase" for one enzyme of the chitinase system
throughout this study, although chitobiase  formerly E.C. 3.2.1.29! is now
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included with exo-8-N-acetyl glucosaminidase  E.C, 3.2.1.30j in the 1972 edition of
Enzynm Nomenclature. However, this chitobiase will be further studied from
the standpoint of ascertaining the identity of chitobiase with exo-6-N-
acety'I gl ucosamini des e.

Table 7. Comparison of Hydrolysis Rate of N,N-Diacetyl-
chitobiose and Alkyl- or Aryl-N-Acetyl glucosaminide
with Chitobiase Preparations

N,N-Df acetyl
chitobiose

Al kyl-m or Aryl-m
N-Acetyl glucosaminideSource

~tt e to ces Ar sees �! 2,19 Ph

~6tre to ces Ariseus �91 6.88

A~cur illus ~ni er �6! 1.0 0,012

~es er illus sp. � ~ ! Ph

 A~co rdoe !dr etue �2! Ph

~tco erdoe !dr  force �! pNP

The�values are the relative rate of hydrolysis of both substrates exceptV  *= umol es/hr/mg protein, **= umoles/min/ml extracted fluid!. Me: Methyl-;
PP, Phenyl; pNP p-Nitrophenyl -.

CONCLUSIONS

An unidentified Gram-negative bacter12m! isolated from seashore mud produced
an inducible chiti nese system, This consisted of a chitinase and a chitobiase,
which could be separated from each other with a DEAE-Sephadex column. It was
confi ramd that chitin was decomposed to N-acetylglucosamine with the cooperative
action of the two enzymes. Comparison of this chitinase system with those
from other microbial sources was made.
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K.M, RUDALL: AN APPRECIATION

K,D. Parker
Astbury Department of Biophysics, University of Leeds, England

Kenneth MaClaurin Rudall haS been the leading figure in reSearCh intO
all aspects of chitin structure for the past thirty years, but his interests
during a lifetime dedicated to scientific discovery have been much broader .
His fields oi' active research include animal covering and external secretions,
and even that work conceals an extraordinary range of expert knowledge and
an even vaster purview of peripheral awareness in the general field of
molecular biology.

His career has been almost entirely spent at. Leeds University, a
vital center of molecular biological research largely inspired by the long-
time presence there of W. T. Astbury and several distinguished colleagues, of
whom Rudall soon became one, In its early days, that embryonic subject
developed rapidly, thanks to the mutual stimulation of these researchers,
who combined the classical methods of physics and biology with the single
important innovation of x-ray diffraction to form their research techniques.

Rudall was born in New Zealand of an English father and a Scottish
mother  his uncle, the mathematician Mac laurin, was president of M. I.T. from
1909 to 1920!. He took a degree in 1932 in physics and zoology and then an
M.Sc. in zoology at the University of Auckland, where he had his "first
conscious contact with chitin, in the canine-type teeth of a carnivorous
worm-eating snail, It was dramatic to stew the massive odontophore in
dilute alkali, when all disappeared except the radula membrane with its
thousands of teeth," Before leaving New Zealand he wrote two papers for the
Massey Agricultural College on problems connected wi th the growth of
sheep's wool.

Positions in science, then as now, were in short supply so he
moved to England to take a Clothworkers Company Fellowship, Thus the
connection with Astbury in 1934 owed something to chance and, as it appeared
at the time, something to ill-fortune. At Leeds his research for the Ph.D,
centered on "X-Ray and Related Studies on the Form and Constitution of
the Biological Cells in Wool and Other Keratin Structures" �936!. His
next important paper on the "Physical and Chemical Properties of the Insect
Cuticle" �940!, was the result of a fruitful collaboration with G.
Fraenkel of the Department of Zoology at Imperial College, London. The
subjects they discussed there remained among his major interests.

While continuing this collaboration, Rudall was also developing
a~other fielri, which came to rank close to chitin among his major achieve-
ments; this was the study of the mammalian epidermis. Through his original
epidermal preparations, and eventually his isolation of the protein which
he named epidermin, he was able to add a great deal to our understanding
of the structural changes on extension and contraction of the k-e-m-f group
of proteins, a topic we now relate to helix-random coil-pleated sheet
transformation. Rudall's contribution was to prove the existence of a
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cross-8 structure-- a considerable advance over prevailing ideas. This discovery
was then thought to be of great potential significance for our understanding of
muscle contraction, although that hypothesis has since had to be discarded.

Several years later, while following another line of inquiry, Rudall
more or less accidentally discovered nature 's own r.ross- s struct.ure occurri ng
in the egg stalk of the lacewing f'ly, Chrysopa. Although this finding played
only a small part in the growth af modern ideas about, protein structure, it
was significant in confirming beyond doubt tne exist. ence of the cross-6
structu re  the earlier diffraction patterns had tended to convince only a
few experts!, and was the first clear demonstration of protein chain folding,
prOposed even before these general ideas were widely applied to synthetic
polymer structures. Naw amply confirmed and publicized by the structure
determinatian of crystalline enzymes, the cross-6 structu re and the protein
fold  the third most common protein confornation! were first set down in
Rudall's work on Chrysopa.

One af Rudall's greatest assets was his unusvai ability to master
new techniques and estimate both their potentia'1 scope and their practical
application to his own problems . In 1943 Astbury acqui red one of the t'i rst
four R .C .A. electron microscopes provided to Britain under the Lend-Lease
arrangement from the United States, Rudall was saon assisting R. Reed in applying
th i s new techni que . Results were obtained, but because of competition for the
use of the new instrument and because the techniques then in use were not yet
capable of providing reliable data for chitin, keratin and epidermis, he did
not at that time utilize electrOn microscopy extensively . It remained a
tool well suited to his peculiar kind of experimental ability, however, and
eventually it became one of his principle skills and the main subject of his
teaching at the university .

A little later, infra-red spectroscopy appeared as a useful tool for
structure analysis, and Rudall, in collaboration with S. E, Darmon, soon
produced two papers of major importance by applying that new technique ta
studies of the a-8 transformation  as exemplified by epidermin, the protein
over which he had so much structural control! and to the composition and
structure of a-chitin and chitosan. Just as Astbury failed ta discover the
structures that he had brought to the world 's attention, so Ruda II also
failed narrowly to describe the molecular structure of a-chitin. All the
necessary information was present in his collaboration with garmon, but
the honor passed to D, Carlstram in 1957.

The late 1960s found Rudall surveying tissues, membranes and fibers
from a wide range of animal sources and applying x-ray diffraction,
infra-red and electron microscopy to classify them in the light of the
newly discovered structures. general themes link these studies on materials
which, at first sight, seem quite randomly selected. One was Rudall's
interest in tanning and hardening mechanisms, generated by his earlier work
with Fraenkel on the insect cu .icle, This led him to examine the collateral
glands and their products in many insects. Fascinating discoveries were made,
and important work was published on the ootheca of mantids and cockroaches,
the egg cases of Aspidomarpha, and the cocoons of Hydrophilus, along with
the work on the egg stalks of Chrysopa already mentioned, These findings led
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him to make generalizations on 'silks,' which he now regarded as being external
secretions of insects not necessarily closely related to the commonly known
silk f om H~omh o ri. He wrote in 1962 of esi'tks hich e
collagen, silks which are chitin." The importance of this work lay partly in
the wide range of structures found which was thought to owe less to evolutionary
pressures operating on extracellular materials than to intracellular bio-
molecules. This work brought him into collaboratfon with J, 0, Warwicker,
F. Lucas and 0. T. B. Shaw, all of the Shirley Institute.

Rudall also surveyed the occurrence of ~- and 8-chitin in the animal
kingdom in pursuit of a theory that there might be a relation between the
use of collagen by some animals and of the chi tins by others . Whatever
the outcome of the hypothesis, the classificat~on which he arrived at built
a solid foundation for understanding the relation between the HH and 8 forms
of chitin originally proposed by Lotmar and Picken in 1950, To these
Rudal 1 added a third form, i, wh i ch still awaits general recogni tion, The
most important of these findings was the B-chitin in the pogonophore tubes,
a finding made still more significant by the later discovery of the
remarkable p-chitin spines on diatoms made by Stacey and his co-workers.
These two materials allowed structural determinations  by Blac kwell and by
DweltZ! a muCh greater degree Of preCiSiOn than had hithertO been pOSSible.

In the early 1960s, Rudall returned to his interest in wool growth
and the hair follicle, an interest renewed by contact with a fellow
New Zealander, Dry. This reversal of interests was not so far afield as
appears at first glance when one remembers that the general problems of
keratinization aid the hardening of cuticle may not be dissimilar. In the
remaining years before retirement from his university post he was again
working on the protein/chitin complex, gaining a deepev and deeper
understanding of the relation between protein and chitin, obtaining fresh
fnformation from x-ray diffraction, and at last being able to relate the
larger details of structure to visible effects seen in the vastly improved
electron microscope pictures that were by then possible. He was beginning
to form new ideas of the synthesizing and hardening enzymes linked to chitin
rods when he retired from active research in 1975.

ffis published work represents a distinguished record, although, con-
sidering the amount and quality of his research, it fs not voluminous; of a
quiet and reserved disposttion and without ambi tion he was never one to rush
into print. Nor was he enthusiastic about large conferences, although he
was persuaded to attend a fair number. His most important contributions
 especially later on! tended to appear in review articles, into which he was
in the habit of inserting his latest results and ideas. As a working
scientist his style will always be remembered by those who know him: a
slightly built man, seemingly tireless in the long hour s spent each day at the
bench or studying the literature, he showed no outward sign of the
scientific long-distance runner he was.

Rudall preferred to do his own experimental work whenever possible.
ffe had a penchant for the "string and sealing wax" tradi ti on, and, as a
result, many of his contri vances had their decidedly humorous aspect; but,
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he possessed the scientist's equivalent of the gardener's green thumb, and his
specimen preparations, often using ingenious and elaborate procedures, were
invariably exactly right for their purpose. What visitors remember are his
living colonies of exotic insects, mantids, aspidomorpha, sawflies, lacewings
and others, many of them maintained in the laboratory for years when research
required it. He had an uncanny ability to provide just the right conditions
to maintain a healthy stock. When his interst turned to wool growth, he
kept his sheep on a nearby university green, and was apt to be found with a
colony of bees loose in his car or a sheep occupying its back seat.

His attitude to students was a litt'le ambi valent . Kindly by nature,
he was willing to recognize their existence, but he did not we'Icome under-
graduate teaching and did not go out of his way to attract research students.
His interest always lay in the next problem, and he was impatient of the
unproductive peri'od that preceded a student's becoming helpful.and
independent. Although wary of cormitting his own research to untried hands,
he was extremely helpful and generous in giving time, ideas, and advice
to any who cared to ask. His criticism was always useful, and problems
of any kind, even outside his own wide ranqe of expertise, would always
elicit his interest and valuable conmients. When, in the 1960s, a number
of postgraduate students came to him, he accepted that responsibility, and
many were the fortunate beneficiaries of his supervision; a number of
them have since had notable research careers. Wide'Iy known as a supreme
experimentalist, to those students he was also known as an "idea man."

In 1952 he was appointed Reader in Professor Astbury's Department
of Biomolecular Structure, an ideal position for him, giving him, as it
did, complete freedom for his research and few administrative responsibilities .
After Astbury 's death, Rudall assumed greater responsibility, and he even
surprised many people by his effectiveness as head of a section in the
new Astbury Department of Biophysics at Leeds. Administration and committee
work did not suit his style, however, which still maintained a colonial's
"irreverent disapproval of all formalism and stiffness." After a few years
he withdrew from this position and retreated to his research.

Rudall's dedication to research is complete, but he also possesses
a dry sense of humor and an independent mind, and is ready always to
discuss any topic of the day, serious or trivial. "When science interferes
with private life, then something is wrong," he once said to an astonished
young research assistant. His private life never seemed to interfere wtth
research, either, however; for his pastimes, he gardened and kept bees.
The garden immediately supplied specimens of sawflies, lacewings, food for
insects, and weeds, when needed, and the bees made a silk with a
remarkably good  and different! o-protein pattern as we11 as honey.
Colleagues benefited from both. When he took holidays or traveled to
conferences or to revisit his bi rthp1ace, insects and fibers returned in his
luggage,

Rudall has retired to an estate with a large garden and outbuildings
where, it is rumoured, research still goes on . For any young scientist
looking for a problem to try his hand at a visit would be well worth his
whi 1 e.
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Absidia, 527
Acetate rayon, 131, 1 32
Acetic acid, 103, 104, 171, 172, 174, 199, 556
Aceto~e, 173
2-Acetylamine-d-glucose, 170
N-Acetylaminosugar, 554, 555
Acetylation, of chitin, 406-413
Acetylation, of chitosan, 406-413, 421-425 ' 427-429
Acetylation. see also 9eacetylation
N-acetylg'lucosamine polymers, 6
Acetyl value, of marine chitin, 184, 187-188
Adhesives, and cost of chitin, 64
Adhesive, chitin for use as, 430-435
Adipic acid, 172
Adsorption, 278

of enzymes, 364-365
of metals by chitosan, 444-446, 448

Adsorption chromatography, 341-342
Affinity chromatography, 341-342
Alanine, 256
Alaskan pink shrimp, 183, 186, 188, 190
Algae, 71, 72
Alkaline purification, 22-25
Aluminum nitrate, 173
Amberlite XE-318 resin, 263, 267, 268, 269, 270, 271, 272,

275, 276, 318, 336
American Fish Culture, 255
2-amino-2-deoxy-d-glucose, 210
Animal feed, and chitin-chitosan sales, 86

chitosan in, 224-225
production of, fly larvae for, 70-71
research concerning, 81
use of chitin and chitosan as, 182, 327-332

Animal feed additives, and shell waste, 69
Anion-exchange chromatography, 338-340
Annelids, chitin in, 8
Antarctic convergence, 67
Antarctic krill, 54-62
Antarctic krill, harvesting of, 67-68, 74
Anthozoa, 5
Antibiotics, conxnercial production of, 71
Apolysis, 472
Aquaculture, and production of chitin, 67
Arachnids, 7, 493-496
Arginine, 256
Arthropods, 5, 8, 108
Ascomycetes, chitin in, 14
Ash, in marine chitins, 184, 188, 189
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Aspartic acid, 256
Astacene, 256, 257, 262
Astaxanthin, 254-259, 262
Astaxanthin ester, 254, 255, 256, 257

Baader Fish Bone Separator, 254
Basidiomycetes, 14, 454
Beetle, chitin in, 124
Benzoic acid, 104
Biogeochemical cycle of metals, 289, 294
Biomass, in semi-polluted waters, 8
Bio-Rad Laboratories, 263
Birds, chitinase in digestive tract of, 545
Bivalve, see clams; oysters; mollusca
Blowfly, body composi ti on of, 70
Blue crab, 82, 183, 186, 188, 190, 509-514, 516
"Bound" chitin, 23, 25
Brachiopods, 8
Brewery sludge, treatment wit,h chitosan, 220-221, 222,

223, 230
Brown shri mp, 183, 186, 188, 190
Bryozoans, 8
Buchner funnel filtration test, 90
n-Butanol, as TLC developing solvent

Cadmium wastes, 278, 279, 283, 284
Calcium, in shell waste, 69, 253
Calcium carbonate, in insects, 70
Calcium chloride, as by-product of chitin/chitosan

production, 84
Calcium nitrate, 173
Canthaxanthin, 257, 258, 259, 262
Carboxymethyl ce'Ilulose, solubility of, 170
e-Carotene, 262
Carotenoids, 255-260
Catrix, 296, 297
Catrix-S, 296
Cattle, chitin as nutrient for, 182
Cellulin granules, 11, 14
Cellulose, in cellulin granules, 11

and chit. in chain, ill, 115, 118
co-existing with chitin in cell walls of fungi, 14-15
solubility of, 170
tensile properties of, 131

Cellulose ethers, viscosity of, 174
Centrifugation, coagulant application in, 235-238,

247-248
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Centrifugation, for dewatering operations, 231, 232
Centrifugation, of food-processing wastes, 2'19
Cephalopods, chitin in, 7
Cestoda, chitin in, 7
Cheese whey, 90
Cheese whey, treatment with chitosan, 222, 223, 224
Chelation, and chitosan research, 81
Chelation, and Kytex H chitosan, 263-272
Chelation, and transport of metals, 288-292
Chelation, chromatography, 340-341, 344-345
Chelex 100 resin, 263, 267, 268, 269, 270, 271, 272,

275, 276, 336
Chesapeake Bay blue crab, 82
Chicken, chitinase in gastric Juices and chyme of,

550-553
Chile, and red crab, 68
a-Chitin and 6-Chi tirl, 517-523
o-Chitin, deformation and transformation in, 131, 133

force-extension curve for, 140
stress-relaxation curve for, 140
structure of, 108-114, 115, 119, 120
sulfate crystals from, 432
tensile properties of, 126-127, 128-129, 131

B-Chitin, acid induced stress-relaxation curve for, 143
and ~-chitin, 517-523
deformation and transformation in, 131, 133-135
force extension curve for, 141
hydrochloric acid/water nysteresis curve for, 142
stress-relaxation curve for, 141
structure of, 108-112, 114-115, 121-123
sulfate crystals from, 432
tensile properties of, 126, 127, 128-129, 131

Chitin, deformation and transformati on in, 1 31, 1 35-136
Chitin, tensile properties of, 126-127, 128-131
Chitin analysis, 22-25, 26-28
Chitinase, 14

cell walls of fungi, 12
extracting from chicken, 550-553
fluorescent-enzyme test, 24
in microorganisms, 587-597
molting cuticle, 472-477
production of, research on, 81
specificity of, 6
assay, 473-474

Chitin biosynthepis, 450-455, 458
Chitin biosynthesis, distribution of, 6

in vitro. 464-469, 471
and polyoxims, 12

Chitin decomposing bacteria, in the sea, 582-584
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in the soil, 578-579
Chitin digestion, in fish, 554, 560
Chitin distribution, studies of, 5-6
Chitin localization, 5-6
Chitin microfibrils, 450-455, 459, 463
Chitin occurrence, 5-6
Chitin oligomers, 375- 380
Chitinolytic enzymes, 542-547, 554
Chitinolytic microorganisms, 570-575
Chitin synthetase, and cell wall construction, 19
Chitobiase, 14, 475, 543
Chitosan, acetylation of, 406, 413, 421-425, 427-429

hl-acetylation of, 423, 424
0-acetylation of N-acyl chitosans, 424, 429
acid soluble, 14
in animal feed, 224-225, 327-332
in cell walls of zygomycetes, 16
chelating properties of, 263, 272
chi tosanaceous fungi, 72-74
chi tosan-metal complexes, 386-393, 394-405
chromatography, 335-345
composition of, 'l69-171
cross linked, 277-287
cross linked, and laundering shrinkage control, 206-313
decrease in viscosity, 216
effect of pH and salt addition on solution viscosity,

174, 180
enzymatic hydrolysis of, 525-530
equilibrium moisture content as a function of relative

humidity, 174-175, 181
as family of polymers, 170
film-forming capability of, 199-207
as a flocculant, 103
Flonac, 233-234
formation of salts, 277
industrial importance of, 1 69- l 70
insolubi lizing enzymes with, 364-373
Kytex H, 263-272, 274-276
mass spectrum of, 409-413, 418-420
metal binding capacity of, 267, 268-271
molecular weight distribution of, 89-95, 99, 101, 219
net positive charge of, 21 9
organic acid solvent systems for, 103-106
reaction with glutaraldehyde, 280
removal of metallic ions, 277-287
relationships between viscosity and deacetylation, 244
salt tolerance of, 173
solubility of, 171-172, 245
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solvent compatibility of, 172- 173
squilla as source of, 210-214
stability of samples, 91
tensile properties of, 128, 130, 131, 132, 139
thermoreversi ble chi tosan gels, 193-196, 198
titration of, 280
treatment of food-processing wastes with, 218-226,

228-230
ultrastructure of, 483-485, 487-491
viscosity as a function of concentration, 174, 178
viscosity as a function of temperature, 174, 179
viscosity stability of solutions, 175
and wound-healing acceleration, 296-304
X-ray diffraction patterns from, 208, 209
in Zygomycetes, 12

AMSA-Chitosan, 338, 339, 340, 350
Diaz-Chitosan, 338, 339, 340, 349
EPIC-Chitosan, 338, 339, 340, 350
0-Hydroxyethyl Chitosan, 338
TU-GLA-Chi tosan, 337, 339
U-GLA-Chitosan, 337, 339
U-GLY-Chitosan, 338, 339, 340, 348
Chitosan acetate properties of, 128, 130, 132
Chitosanase, 12, 81, 530
Chitosan color test, 23-24
Chitosan formate, properties of, 128, 130, 132
Chitosan hydrochloride, 407-413, 417
Chitosanolytic microorganisms, 570-575
Chitosan Xanthate, properties of, 128, 130, 132
Chitosomes, 452-455, 460, 462
Chloroethanoi, 182
Chondrophoridae, chitin in, 7
Chromatography, 335-337

absorption, 341-342
affinity, 341-342
anion-exchange, 338-340
che'!ation, 340- 341, 344-345
chitosan, 337
chitosan derivatives, 337-338
high-pressure liquid, 89, 91, 95
ligand exchange, 341
marketing strategy for marine polymers, 64
thin-layer, 342- 344, 345, 355-356, 358-363

Chrome waste, 279, 285-286
Chromic nitrate, 173
ChytridionIycetes, 14, 15, 454
Ciliates, chitin in, 6
Citric acid, 71, 103, 104, 172
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Clams, chitinaceous waste from, 68, 69, 74
Clay exchange sites, 288
Clay lattice sites, 288
Coagulation, 88-89, 90, 91, 93, 95, 219
Coelenterata, chitin from, 430
Colloids, 288
Coniferyl alcohol, 388, 392-393, 404
Copper ions, 269
Copper wastes, 278-279, 283
Cotton, mechanical properties of, 131, 132
Covalent coupling, 365
Crab, blue, 183, 186, 188, 19D
Crab, Chesapeake Bay blue, 82
Crab, culture of, 67
Crab, Dungeness, 183, 186, 188, 190
Crab, horseshoe, 183

properties of, 186, 188, 190
Crab, Japanese red, 186, 188, 190, 193
Crab, red, harvesting of, 67, 68, 74
Crab, waste from, 64, 82-83, 182, 253-260, 483-485,

487-491
Crayfish, 82, 182
Crustacean meat industries, waste material from,

253, 260
Crustaceans, 7, 8, 555
Crustaceans, chitin in meroplanetonic larvae of, 7

chitinaceous waste from, 68
Crustaceans, and commercial production of chitin and

chitosan, 66-67
Crustaceans, and expansion of shellfish industry, 80
Crustaceans, holoplanetonic, chi tin in, 7
Crustaceans, manufacture of chitosan from, 88
Crustaceans, pigment content of, 254
a-Cryptoxanthin, 257, 259
Crystal defect mechanisms, 144-151, 154-168
Crystalline poly-amides, solvents for, 183
Ctenophora, 7
Cupr ic nitrate, 173
Cuticle, occurrence of chitin in, 22
Cuttlefishes, chitin in, 7
Cyanide, 278
Cystine, 256

Deacetylated chitin, marketing opportunity for, 72
Deacetylation, of chitin, 177, 182

of chitosan, 93, 98
concentration of alkali in, 92-93
and polymer solubility, 170

Decomposition, of cl itin in soil, 578-579
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Deformation, in chitins, 131-136
Degradation of chitin, 563-668
Deuteromyceies, l3, 14, 15, 16
Dewatered sludge cake, disposal of, 238-239
Dewatering, po'I nner applications in, 231-240, 242-252
Diacid chlorides, 306
Diafloc, 237, 239
Diamines, 306
Diatoms, 71, 72, 74, 109-110
Dichloracetic acid, 104
Dihydroxy-0-carotene, 257
Di hydroxypi radi xanthi n, 257
Diisocyanates, 306
N, N-dimethylacetamide,  DMAc!-LiC1 ~ as solvent for chitin,

183, 184, 185 -186, 190
Dimethylformamide, 104
Di methylsulphoxide, 104
Dimorphic fungi, 17-19
Disclinations, 146, 147-148, 156, 162
Dislocations, 146-147, 155, 158, 159, 161, 166
Dispirations, 146, 148, 157, 163
Dissolved air f1otation, of food processing wastes, 219
Dowex A-l, 336
Dungeness crab, 183, 186, 188, 190, 484

Earthworms, 7
Eastman Kodak Company, 183
Ecdydid, 472
Echinenone, 257
Echinoderms, 7
Economics, of chitin recovery and producti on, 45-50
Ectocyst, 8
Ectoprocta, 8
Edge dislocations, 146-147, 1 55, 156
Egg-breaking wastes, treatment with chitOSan, 220,

221, 222, 223
Egg washer waste, treatment with chi tosan, 221, 222,

223
Electron Microscope, scanning, 483-485
Elson-Morgan Reagent, 556
Emulsions, 104
Euascomycetes, 15
Endoderm layer, 8
Endoparasites, 7
Energy costs for chitin-chitosan production, 85, 86
Enteropneusts, 7
Endoprocta, 8
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Fabric, shrinkage control of, 278, 306-313
Ferric nitrate, 173
Fibers, 64, 81, 199-207, 298-300
Filaments, 182
Films, 182

casting from chitosan, 199-207
chitin, 300
and cost of chitin, 64
research on production of, 81

F1sh, chitin digest1on in, 554-560
F1sheries Oevelopment Inst1tute, 55
Fishing, in 1ffgeria, 327-328
Flatworms, 7
Flax, mechanical propert1es of, 131, 132
Flocculation, 81, 103
Flonac, 239-240

applications fn sludge centrifugation, 235-238
characteristics of, 233-235
comparison to other synthetic polyelectrolytes

250-252
and disposal of dewatered cake, 238-239
manufacture of, 233, 234, 243
preparat1on of, 233, 235
unit price of, 238
use in dewater1ng applications, 232, 233

Flour beetle, body composition of, 70
Fluorescein isothiocyanate, 24
Fluorescent-antibody technique, 24
Fluorescent-enzyme test for chitin, 24-25 ' 26-28
Fly larvae, production for animal feed, 70-71
Folliculina, 6
Food and Drug Administration, 530
Food Chemical Company, 365, 484
Food and distribution, growth and system, 80

247-249

236-238,

Enzymatic hydrolysis, of chitosan, 525-530
Enzymes, chitinolytic, 542-547
Enzymes insolubi 1 izing, 364-373
Equilibrium moisture content, of chftosan, as a function

of relative humid1ty, 174-'175. 181
Estuarine envfronments, 563-568
Ethanol, 104, 173
Ethylamine, 104
Ethylene Glycol, 173
Euascomycetes, 15, 454
Exoskeleton, ch1tfnoproteic, 8
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Food industries, by-products from, 253
Food-processing waste, treatment with chitosan, 218-226,

228-230
Formic Acid, 103, 104, 171-172, 199
"Free" chitin, 6, 23, 25
Frozen-food industry, growth of, 80
Fucose, 432, 434
Fungi, 11-16

chitinaceous filametons, 71-72, 73
chitinaceous filametons, and productions of chitin,

71, 72, 73, 74
chitinaceous waste from, 68
chitinaceous, 72-74
dimorphic, 17-19
qycelia of, 16-17
production of antibiotics, 71
production of citric acid, 71
research on chitin, 81

"Fungine," 11

Galactose, 432, 434
8-galactosidase, 365
Gastropods, marine, 7-8
Gastropods, pulmonate, 7
Gastrotrichs, 6
Gel-sol transition points, 193-196, 198
Gels, thermoreversible chitosan, 193, 196, 198
8-1- 3 glucans, in Apodachlya, 1 1
8-1-6 glucans, in Apodachlya, ll
Glucosamine, marketing strategy for marine polymers, 64
N-acetyl glucosamine, in chitin chain, 14, ill, 556
N-acetyl-0-glucosamine, 108
N-acetyl-0-glucosamine, and wound-healing acceleration,

296-297
Glucosamine oligosaccharide, 387-388, 390-391, 398-399-400
Glucose, 365-366, 432-434
O-glucose, residues in chitin chain, 111, 118
S-I,4 glucosidic linkages, 6
Glucostat, 366
Glutamic acid, 256
Glutaraldehyde, 280, 307
Glycerol, 172, 173
Glycine, l04, 256
Glycolic acid, 104
Glycoproteins, alkali soluble
s- I&!-glycosidic linkages, in chitin chain, 111
G1yoxal, 307
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Heat costs, for chi.in-chitosan production, 85, 86
Hemiascomycetes, 15, 454
Hercules, Incorporated, 183-184, 421
Heterobasidiomycetes, 15, 16
Hexa-fluoroacetone sesquihydrate, as solvent for chitin,

182
Hexosamines, 14, 296
High-pressure liquid chromatography, 89, 91, 95
Himoloc, 237, 239
Histidine, 256
Histochemical method, for studyi ng chitin di stribution, 5
Homobasidiomycetes, 15, 16
Horseshoe crab, 183, 186-191
Hydrochloric acid, 84, 172
Hydrogen bonds, in chitin structure, 109, 110
Hydrogen peroxide, 388, 391-392, 402, 403
Hydrolase, 6
Hydroxyethyl cellulose, 170
Hydroxypropy1 cellulose, 170
Hydrozoa, 7, 8
Hyphochytridiomycetes, chitin in, 14

Inarticu1ata, 8
India, 210, 214, 444
Infrared spectroscopy, 13
Insects, 8
Insects, chitinaceous waste from, 68
Insect cuticle, enzymatic breakdown of chitin component

in, 472-477
Insecta, production of chitin, 70, 71, 74
Inter-molecular defects, 146-148
International Coxvaission for the Horthwest Atlantic

Fisheries, 66
Intra-chain defects, 146, 148-150
Invertase, 365, 366, 370
Invertebrates, 7-8
Ion absorption, 269, 271, 272
Ion-exchange, 267, 268, 271, 278
Ionic interaction, of enzymes, 364, 365
Ions, dissolved, 288
Isocryptoxanthin, 257
Isoleucine, 256
Isopropanol, 173
Iso-propylamine, '104

Japan, 67, 69, 232, 233
Japanese red crab, 183, 186, 188, 190
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4- Keto-4'-hydroxy-s-carotene, Z57
King crab, 175, 233, 303, 355
Kinorhynchs, chitin in, 6
Kjeldahl method, 184
Korean horsehair crab, 233
Kyowa Fat and Oil Co,, 203, 233
Kypro Company, 80, 103, 193
Kytex H chitosan, 263-272, 274-276

Labor costs, of chitin-chitosan production, 8
Lactase, 365, 366-370, 374
Lactic acid, 103, 104, 172
Lactose, 366
Lattice defects, 145-146, 148-150
Laundering-shrinkage control, 306, 313
Lead-plating wastes, 284-285
Lead wastes, 278, 279, Z82-283
Lectins, 375-376
Leptomitales, 11
Lescarden's Po!y-NAG , 300-303
Leucine, 256
Lichens, 13
Li gand-exchange chromatography, 341
Lipids, 11-i2
Lipopo'lysaccharides, 376
Lissamine rhodamine 8 200 chloride, 24
Lobster, 67, 82, 110-111, 303
Loculoascomycetes, glucosamine content of cel

15, 16
Locusts, 71, 124, 129
Lutein, 255, 257, 259, 262
Lycoperdon pyri forme, 596
Lysine, 256
Lysozyme, 297, .341-342, 345, 354

3, 86

1 walls,

Maleic acid, 104
Malic acid, 104, 172
Malonic acid, 104, 172
Mannose, 432, 434
Marine Coxmodities International, 184, 254
Marine worms, 8
Mass spectrum, of chitin, 409-413, 416
Mass spectrum of chitosan hydrochloride, 409, 413, 417
Mass spectrum, of chitosans, 409-413, 418-420
Meat wastes, treatment with chitosan, 221, 222, 223
Meiofauna, mesopsaxsnic, 6
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Metal-binding, and chitosan, 267, 268-271, 444-446
Metal hydroxide coatings, 288
Metallic ions, binding of, 277-287
Metals, biochemical cyc 1e of, 289, 294

chitin, 288-292
chitosan-metal complexes, 386, 393, 394-405
distribution of, 288-289
removal from industrial wastes, 81

Methanol, 173
Methionine, 256
Methylamine, 104
N-methyl-2-pyrrolidone  NMP!-LiCl, as solvent for

chitin, 183-186, 190
Mexico, 68
Micro-Analysis, Inc., 184
Microbial cell-wall polymers, 375-380
Microfibrils, in cell walls of fungi, 14
Microorganisms, chitin as substrate for growth of, 81
Moisture content of marine chitins. 184, 188, 189
Molecular weight, of marine chitins, 184-'185, 186-187
Molecular weight dis'ribution, of chitosan, 89-95,

99, 101, 219
Molluscs, 7, 8, 10, 69-70, 74
Molting fluid chitinase, 472-477
Mucorales, 72, 74, 526
Miriapods, 7, 493-496
Myxomycetes, 14

National Oceanic and Atmospheric Administration, 81,
103, 421

Nemerteans, 6, 7
Nematodes, 5, 6, 7
Neurospora crassa, 15, 17, 20, 454
Newsprint, 66
Niclel wastes, 278-279, 282
Nigeria, 327
Nishihara SD sludge centrifuge, 235, 240, 246
Nitric acid, 172
Nitrogen, in chitin from crabs, 438-439
Nitrogen, in chitin from marine organisms, 431
Nitrogen, in marine chitins, 184, 188-189
Nitri lotriaceti c acid, 104
Nonwoven fabrics, 64, 300
Nucleic-acid derivatives, separation of, 355
Nylon, crystal defect mechanisms in, 147
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Oligochaeta, 7
Onychophorans, 7
Oomycetes, 11, 13, 14, 15
Optical activity of marine chi tins, 184, 187
Organic acid solvent systems, for chitosan, 103-106
Organic coatinqs, 288
Organic ComplexeS, dissolved, 288
Oxalic acid, 104, 172, 193-196
Oxidation-reduction, 278
Oysters, chitinaceous waste from, 65, 68, 69, 74

Paper, chitin as an additive, 64, 65, 66
Paper industry and chitosan research
Petroleum industry, use of polymers by, 172
Pharmaceutical s, and marketing strategy for marine

polymers, 64
Phenols, separation of, 355
Phenylalanine, 256
Phoronidea. chitin in, 8
Phytohenxnagglutinin, 376
Pigment, crustaceans as source of, 254
Planktonic animals, 7
Plant investment, 85, 86
Plating wastes, 278-279, 283-285
Pogonophora, 5, 8, 9
Pogonophore tubes, chitin in, 110-111
Pogonophore tubes, 8 chitin in, 108, 109
Pollutants, in waste water, 232
Polyacrylamide, 364
Polyamide resins, 306
Polychaeta, 8
Polyelectrolytes, for sludge-conditioning, 231, 232, 233

see also Flonac
Polyethylene, crystal defect mechanisms in, 146-147
Polymerization, of fabric, 308-309
Polymers, for sludge-conditioning, 232
Polyoxins, and chitin biosynthesis, 12
Polypeptide fibers, crystal defect mechanisms in,

144, 148
Polysaccharide helix, 149-150, 165-168
Polysaccharides, See specific entries, e.g., Chitin;

Chitosan
Polyurea resins, 306
Polyzoa, chitir, from, 430
Porosimetry, of Kytex H chitosan, 265-267, 268
Poultry wastes, treatment with chitosan, 221, 222, 223
Prawn, chitin in, 124
Prawn waste, as chitosan source, 2 14
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Prawn waste, metal- binding property of, 444-446
Praestol, 237, 239
Profitability of chitin-chitosan production, 86-87
Proline, 256
Propionic acid, 172
Prosobranchia, 8
Protein, in cell walls of fungi, 11-12

chitin bound to, 22
insects as a source of, 70
krill as a source of, 67
research on recovery of, 81
in shellfish waste, 82
from shrimp and crab waste, 253, 260
squilla as a source of, 211, 212, 214

Protoplasts, in fungus cells, 12
Pseudo-plastic materials, 104
Pterobranchs, 7
"Puchee," as chitosan source, 210, 214
Pulp industry, and chitosan research, 81
Purification, 22
Pyri dine, 104
Pyruvic acid, 103, 104, 172

Rainbow trout, pigmentation experiments with,
255-260

Raw-material costs of chitin-chitosan production,
82-83, 86

Rayon, 131, 132
Red crab, harvesting of, 67, 68, 74
Road building, and shell waste, 69
Rohm and Haas Company, 263
Rotifers, 5, 6
Round worms, 7
Russia, research on krill in, 67
Rutgers University, chitin research, 1

Salicylic acid, 104
Salmonids, pigmentation of, 254-260
Salt tolerance of chitosan, 173
Schizomycetes, 14
Scorpion, 493
Screw dislocations, 146, 147, 155,, 159
Screwfly sterilization, 70-71
Scyphozoa, 5, 7
Seafood, production of, 66
Sea Grant Program, 64, 81, 103
Semi-micro method of chitin analysis. 22-23
Sepharose, 453



~Sub ect index
625

183

231-240,

242

173

k and

Serine, 256
Settling, of food-processing wastes, 219
Shellfish. See Crustacea
Shellfish industry, expansion af, 80
Shell treatment process, 69
Shimonoseki University, 588
Shrimp, Alaskan pink, as source of chitin,

properties of, 186, 188, 190
Shrimp, brown, as chitin source, !83

properties of, 186, 188, 190
chitin content of waste, 82
culture of, 67
fishing in I<igeria, 327-328
frozen, 80
value of, 253
waste, 182, 253-260
amino acid analysis of, 330
and chitin as animal feed, 327-332
as chitosan source, 64, 217
cost of chitosan from, 219
composition of, 330
nutritive value of, 330

Siphonophora, 430
Sipunculids, 7
Sizes, textile, 64
Sludge dewatering, polymer applications in,

242-252
Sludge production, sources of, 232-233, 234
Sludge thickening, 231
Sodium acetate, 84, 173
Sodium bromide, 1 73
Sodium chloride, 173
Sodium citrates, 173
Sodium forrnate, 173
Sodium hydroxide, cost of, 84, 86
Sodium nitrate, 173
Sodium phosphate, dibasic, l73
Soil, decomposition of chitin in, 578-579
Soil lining and shell waste, 69
Solubility of l ytex H chitosan, 265
Solubility of marine chi tins, 184, 185, 186
Solvents, for chitin, 81
Solvents, compatibility with chitosan, 172-
Solvents, organic acid, 103-106
Solvents, and properties of chitosan in bul

solution, 169-175, 177-181
Solvents, tertiary amide, 183
Sorbitol, 173
Soybean agglutinin, 376
Spectroscompy, infrared, 13
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Sperm-whale population, 70
Sponges, 7, 300
Squid, 7, 65, 68, 69- 70, 74, 124
Squi 1 la, as chi tosan source, 21 0-21 4
Starch xanthate, 278
Standinger's equation, 91
Stomatopoda. See Squi lie, 210
Storage, of raw materials, 80
Succinic acid, 172
Sucrest Corporation, 365
Sugar-binding, 376-377
Sugars, in marine chitin, 432, 433, 434
Sulfuric acid, 172, 182
Sulphanilic acid, 104
Sutures, chitin-coated catgut, 300

Tanner crab, 233
Tardigrades, 6- 7
Tartaric acid, 104, 172
Tensile mechanical properties, of chitin, 124-131

deformation and transformation in chitin, 131, 136
Tensile strength of marine chi tins, 185, 1 90-191
Tensile stress-strain curve, for chi tins and chi tosans,

125-126, 139
Texas AQI University, 254
Textile sizes, and cost of chitin, 64
Thallophyta, 71-74
Thermoreversible chitosan gals, 193-196, 198
Thin-layer chromatography, 342-344, 345, 355-356,

358-363, 556
Threonine, 256
Tryptophan, 256
Titration method, 89
Tobacco, chitin as an extender for, 182
Tobacco hornworm, 464
Tobacco substitutes, and cost of chitin, 64
Tracheoles, 23
Transformations, in chitins, 13'I-136
Transportation, of raw materials, 80
Trematoda, 7
Trichloracetic acid, 104, 'I82
Trichosiycetes, 14
Trout feed, 254
Tukwi la pilot plant,, 85
Tunicates, 7, 8, 10
Turbellaria, 6, 7
Twist co-dispi rations, 1 46, 157
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Twist disclinations, 146, 148, 156
Tyrosine, 256

Ultrafi ltration, 278
U.S. Department of Agriculture, study of production

of fly larvae, 70-71
U,S. Department of Cosvnerce, 81, 103
University of Ancona, 81
University of Delaware, 81
University of Georgia, 81, 218
University of Rhode Island, 254
University of Washington, 81
Urea, 104

Vacuum filtration, for dewatering operations, 231-232
Valine, 256
Van der Waals bonding arrangement, 147
Van Wisselingh chitosan color test, 23-24
Vegetable sludge, treatment with chitosan, 221, 222,

223, 228, 229
Visco-elasticity. See Tensile mechanical properties.
Viscose rayon, 131, 132
Viscosity, of chitosan, 440

decrease in, 216
effect of pH and salt addition on, 174, 18D
film-forming capabilities. 200-201, 202, 205-206
as a function of temperature, 174, 179

Viscosity, and deacetylation, 92
of marine chi tins, 184
measurement of, 89, 90, 91
stability, of chi tosan solutions, 1 75

Wallerstein Company, 365
Waste effluents, treatment of:

chitosan as a coagu'iating agent, 88-89, 90, 91, 93, 95
Wastes, cadmium, 278-279, 283-284

chrome, 279, 285-286
clam, 68
copper, 278-279, 283
from crab industry, 253-260
from crustacean meat industries, 253-260
food-process'ing, 81
from Crustacea, 66-67
food-processing, treatment with chitosan, 218-226,

228-230



628

~Sub 'ect Index

fungi, 68
from insects, 68
krill, 68
lead, 278, 279, 282, 283
lead plating, 284-285
mycelia, 71
nickel, 278-279, 282
oyster, 68
plating, 278-279, 283-285
prawn, 214, 444-446
removal of heavy metals from industrial, 81
shellfish, 68, 82-83
shrimp, 214, 327-332
from shrimp industry, 253-260
squid, 68

Wastewater sludge dewatering, polymer applications
in, 231, 240, 242-252

Water, and solubility of chitosan, 172, 173
Water beetles and production of chitin, 71
Water purifi cation, 8, 64, 86
Wedge disclinations, 146, 148, 156
Wheat-germ agglutinin, 13, 375-380, 384, 385
Wool, 306-313
Worthington Biochemical Corporation, 366
Wound healing acceleration of, 182, 296- 304

Xanthate dope, preparation of, 298
Xanthan gum, 174
X-ray diffraction, and chitin distribution, 5

and crystallinity of chitin from fungi, 11
and determination of chitin structures, 108- 115
and film-forming capabilities of chitosan, 205,

208, 209
X-ray powder diagrams, 13

Yellow meal worm, body composi tion of, 70
Yeast, See Fungi.

Zeaxanthin, 255, 258, 259
leigler Brothers Feed Mills, 254
linc ions, 269
looplankton, 7, 67-68
lygomycetes, 12, 14, 15, 16, 454
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Absidia, 527
Acanthochites discrepans, 8
Acrasiales, 13
Agaricus bisporus, 454
Allomyces, 19, 74
Allomyces macrogynus, 11, 15,

73, 454
Androctonus, 551
Anthozoa, 5
Aphrodite chaetae, 108, 109
Aplysia punctata, 9
Apodachlya, 11, 14, 15, 20,

578
Arthropoda, 5, 25
Ascomycetes, 13
Aspergillus, 13, 21
Aspergillus nidulans, 20, 21
Aspergillus niger, 72, 73, 76,

365, 587, 592, 593, 596
Aspergillus ochraceus, 380
Aspergillus oryzae, 15
Aspergillus phoenicis, 17

Bacillus subtilis, 376
Bacillus thuringiensis, 550,

551
Basidiomycetes, 13, 454, 556,

559
Beauveria, 550
Beneckea, S64
Blastomyces dermatitidis, 18
Blatta orientalis, 70
Bombyx mori, 70, 472
Brachionus leydigii, 6, 9
Bryozoa, 5, 8
Buthus tamulus ganoeticus, 493,

494, 495, 500, 501

Call inectes gladiator, 493
Callinectes sapidus, 183, 186,

188, 190, 5D9-514, 516
Cancer magister, 183, 186, 188,

190
Cancer pagurus, 493
Candida utilis, 16, 73
Carcinus maenas, 492-493
Cavia porcellus, 544
Cellaria, 8
Cephalopoda, 5 555
Ceratocysti s fhbri ata, 376

Ceratocystis ulmi, 14, 21
Cestoda, 7
Chaetomium globosum. 14, 20
Chinoecepes opi lio 233
Chionectes opi'lio 183
Chlorella, 526
Choanephora cucurbitarum,

13, 20, 73, 76
Choloepus hofmanni, 544
Chondrophoridae, 7
ChytridiemyceteS, 13, 14,

15, 454
Ci liates, 5, 6
Cochliobolus miyabeanus, 16
Cockroach, 26-28, 71
Coelenterata, 7, 430
Cordyceps, 550
Crab, Blue, 183, 186, 188,

190
Crab, Chesapeake Bay, Blue,

82
Crab, Culture of, 67
Crab, Dungeness, 183, 186,

188, 190
Crab, Horseshoe, 183
Crab, Horseshoe, Properties

of, 186, 188, 190
Crab, japanese Red, 183,

186, 188. 190
Crab, Red, Harvesting of,

67, 68, 74
Crao, Waste from, 64, 82-

83, 182, 253-260 ' 483-485,
487, 491

Crayfish, 82
Crisia, 8
Crustacea, 7, 8, 554
Crytococcaceae, 13
Ctenophora, 7
Cunninghamella echinulata,

526, 527 ' 535
Cuttlefishes, Chitin in, 7
CyclOtella cryptica, 71,

72

0euteromycetes, 13, 14,
15, 16

Diatoms, 71, 72, 74, 109-
110

Discinisca, 8
Dunoeness Crab, 183, 186,

188, 190, 484
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Earthworms, 7
Echinoderms, 7
Ectoprocta, 8
Enteropneusts, 7
Epicoccum, 14-15
Epidermophyton floccosum,

16
Erimaceus isenbeckii, 233
Escherichia coli, 378,

379, 384
Euascomycetes, 15, 454
Endoprocta, 8
Euphausia superba, 54-62,

67-68

Felis domesticus, 544
Fish, Chitin Digestion in,

554-560
Flatworms, 7
Flour Beetle, 70
Flustra, 8
Folliculina, 6
Funoi, 11-16, 17, 18, 19,

68, 71-74, 81
Fusarium roseum, 376
Fusarium solani, 376, 378,

380

Gallus gallus, 543, 547,
551

Gastropods, 7-8
Geryon quinquedens, 257
Gilbertella persicaria,

14, 19
Glycymeris, 7

kanseniospora uvarum, '15
Harpio squilla raphidia,

210
Heliocostylum, 527
Helix pomatia, 376, 551
Hemiaacomycetes, 15, 454
kemigrapsus nudus, 509
keterobasfdiomycetes, 15,

16
Heuroncodes panipes, 78
Histoplasma capsulatum, 18,

19, 20

Histoolasma farciminosum,
14, 18, 21

Homarus americanus, 1'10-
ill

Homarus ga|mnarus, 493

Homobasidiomycetes, 15, 16
Horseshoe Crab, 183, 186-

191
Hyalophora cecropia, 472
Hydrozoa, 7, 8
kyohochytridiomycetes, 'l3,

14

Insecta, 8, 68, 70, 71,
74, 472-4 7 7

Kickxella, 527
Kino crab, 175, 233, 303,

355
Kinorhynchs, 6
Korean Horsehair Crab,

233
Kr]ll, 54-63, 65

Lateolabrax !aponicus, 554-556
Leptomitus lacteus, 14
Leptosphaeria, 2'I
Leptosphaeria albopunctata,

16
Limulus polyphemus, 183,

186-191
Lingula, 8
Liothrix lutea, 543, 551
Lobster, 67, 82, 110-111,

303
Loculoascomycetes, 15, 16
Locust, 71, 124, 129
Loligo, 108, 109, 124, 129,

519, 521, 524, 578
Loligo indica, 518
Lolsgo vulgar>s, 7

Handuca sexta, 464-469,
471

Martes foina, 544
Hicrococcus luteus, 377-

378
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Hillipora, 431, 433, 434
Mollusca, 7, 8, 10, 69-

70, 74
Horchella, 13, 21
Hucor, 21, 525, 526, 527
Mucor rouxii, 'l6, 17, 18,
19, 21, 73, 74, 450-455,

460, 462
Mucorales, 72, 74, 526
Hus musculus, 238, 543, 547
Hustela erminea, 544
Mustela furo, 544
Mya, 7
Myriapods, 7, 493-496
Myxomycetes, 14

Nematoda, 5, 6, 7
Hamerteans, 6, 7
Neptunes sanguinolentus, 437-

440, 442, 443, 519- 522
Hereis di versicolor, 518-522
Heurospora crassa, 15, 17, 20,

454

01 i gobrachi a i vanovi, 110-111
Oligochaeta, 7
Oomycetes, ll, 1 3, 14, 15
Orato squilla holoschista, 210
Orato squil92a nepa, 210
Orconectes obscurus, 509
Oryctolagus cuniculus, 544
Ovis aries, 544
Oyster, 65, 68, 69, 74

Pal amnaeus bengalensis, 493,
494, 495, 498-499, 507-508

Pandinus imperator, 493, 494
Paracoccid ioides brasiliensis,

18
Parsi i phodes camtscha ti cus,

233
Penaeus, 124
Penaeus aztecus, 183, 186,

188, 190
Penaeus setiferus, 564-568
Pendalis borealis, 183, 186,

188, 190

Penicillium chrysogenum,
17, 73

Penicillium is]andicum,
525, 528, 529

Penicillien notatum, 73,
303

Peripatus, 23
Periplaneta americana,

436
Pholas, 7
Phormia regina, 70,
Phycomyces blakesleeanus,

'16, 21, 73, 74, 525,
527

Phycomycetes mucor, 303
Physalia, 431, 433, 434
Phytophthora citrophtora,

378
Pilaira, 527
Platyhelminthes, 5
Pleuroncodes pleni pcs,

67, 68
Piumatella fungosa, 8,

10
Plumatella repens, 10
Podura aquatica, 526
Poecilotheris regalis,

493, 494, 505-506
Pogonophora, 5, 8, 9
Polychaeta, 8
POlyplacOphOra, 8
Polyporus millitae, 14,

21
Polyzoa, 430
Porpita, 431, 433, 434
Prawn, 124, 214, 444-446
Prose branchia, 8
Protostomia, 5
Protozoa, 8
Pterobranchs, 7
Ptinus, 124, 129-130
Puccinia graminis, 526

Rainbow trout, 255-260
Rane temporaria, 551
Red crab, 67, 68, 74
Rhabdopleura, 431, 433,

436
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Rhizidiomyces, 14, 20
Rhizobia, 376
Rhizopus, 525, 527
Roti fera, 5, 6
Round worms, 7

Saccharomyces, 451
Saccharomyces cerevisiae, 380,

454
Saccharomycetes, 13
Saccharomycopsis gutulata,

15-16, 18
Salmo gairdneri, 255
Salmonella typhimurium, 376
Sarcogyne, 380
Sclerotium rolfsii, ll, 16
Schizonorcetes, 14
Scorpion, 493
Scrupocellaria, 8
Scrupocellaria bertholetti,

431, 433, 436
Scylla serrata, 187
Scyphozoa, 5, 7
Sepia officinalis, 7, 575, 577
Sepia officinalis, 578
Serratia marcescens, 594
Shrimp, 64, 67, 80, 82, 182,

183, 186, 188, 190, 217, 219,
253-260, 327-328, 330- 33?

Siboglinum, 9
Siphonophora, 430
Sipunculids, 7
Sperm whale, 70
Sponges 7, 300
Sporobolomycetacea, 13
Squid, 7, 65, 68, 69-70, 74,

124, 555
Squilla, 210-214
Staphylococcus aureus, 376� 377,

378, 379
Stomatopoda, 210-214
Streptomyces, 12, 528, 529, 556,

559
Streptomyces antibioticus, 6,

550
Streptornyces cacoi, 12
Streptomyces griseus, 587, 593
Streptomyces orientalis, 595
Syncephalastrrzn, 527

Tanner crab, 233
Tardigrada, 6-7
"enebrio molitor, 70,

544
Thallophyte, 71-74
.'hallassiosi ra fluvi atili s,

62, 71, 72, 76
Thelyphonus giganticus,

493, 494, 495, 502-503
Tornabenia intricata, 380
Thyroglutus malayus, 493,

494, 495, 496, 504-505
Tobacco hornworm, 464
Trematoda, 7
Tremella mesenterica, 16,

18, 19, 21
Tribolium confusum, 70
Trichoderma viride, 16, 17,

19, 378, 380, 385
Trichomycetes, 13, 14
Tubularia, 431, 433, 434
Tunica ta, 7, 8, 10
turbellaria, 6, 7

Uca pugilator, 437-440,
442, 443

Vele'lla, 7, 431 ~ 433, 434
Venus, 7

Water beet,les, 71

Kanthoria parietina, 380

Yellow mealworm, 70

Zygomycetes, 12-16, 454
Zygorhynchus, 527
Zyrphaea, 7
Zyrphaea crispata, 7, 9




